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ABSTRACT
With the ever increasing electricity demand, fast depletion of fossil fuel and the growing
trend towards renewable energy resources, the integration of green distributed energy
resources (DERs) such as solar photovoltaic (PhV) generation and wind power in the
utility grid is gaining high popularity in the present years. The capability of these
modular generators needs to be harnessed properly in order to achieve the maximum
benefit out of such integrated systems. Most DERs are connected to the utility grid or
microgrids with the help of power electronics interface. They are capable of producing
both active and reactive power with the proper control of the inverter interface.

This dissertation focuses on examination of the capability of the renewable energy based
DERs, such as solar PhV array and battery energy storage system (BESS) in providing
voltage support in grid connected low-voltage microgrids and both voltage and frequency
support in islanded microgrids. In addition, active and reactive (a.k.a. nonactive) power
control capability of the PhV generators to supply the local loads assigned by the
microgrid central operator in grid connected mode is also investigated. The control
methods are developed by using a Proportional and Integral (PI) controller. A new
method of Maximum Power Point Tracking (MPPT) of solar array including the MPPT at
solar PhV array side and a new control method of transferring this MPP power to the
inverter side insuring the DC voltage stability by using the concept of power balance at
various conversion stages is proposed and studied. The dissertation also proposes a new
coordinated control method for voltage and frequency regulation of microgrid with solar
vi

PhV generator operating at MPP and backed up by battery energy storage systems. A
coordinated active and reactive power control for solar PhV generator with MPPT control
and battery storage is also proposed and investigated. Various case studies are presented
to validate the proposed methods. The simulation results clearly prove the effectiveness
of the proposed control methods.
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CHAPTER 1
INTRODUCTION AND GENERAL INFORMATION

1.1 BACKGROUND

The traditional power systems comprise of the generation system which consists of large
central power stations, the transmission and sub-transmission systems to deliver power
from remote generating plants to the site near load centers, and the distribution system to
serve all end users such as residential, commercial and industrial loads. The power flow
is hence, unidirectional, that is, from generation to the load centers.

With the ever increasing demand of electricity that has been raising important power
system operational issues like voltage and frequency instability, the integration of
distributed energy resources into the modern power systems have become very popular
since last few decades. The fast depletion of fossil fuel reserves and environmental
concerns have provided greater incentive to integrate renewable energy based DERs like
solar, wind and biomass in modern power systems.

DERs are usually connected to the power distribution system. DER includes distributed
generation (DG), energy storage systems and demand response. DGs are defined as small
generators located in close proximity of load with the size ranging from 10kW- 10MW
[1, 2]. Though the standard definition of DG has not been agreed upon far, there are
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several other definitions proposed by several power system working groups and
institutions like CIGRE1, IEEE2, IEA3, etc [3].

DERs, in general, provide several technical, operational, environmental and market
benefits when integrated to the modern deregulated power systems and hence, these act
as important driving factors for their integration into the grid and in formation of microgrid [4-6]. DERs can act as an emergency back-up power supply for the customers where
the power outages cannot be accepted such as hospitals and manufacturing industries.
Due to the flexibility of DERs in terms of size, expandability, they have wider range of
operation either as a base load generator or a peak shaving generators. This helps to cope
with the rapid electricity price fluctuations when they participate in the deregulated
market environment. Power system reliability and power quality are of major concerns
when it comes to the liberalized power market. DERs can help in maintaining the power
quality problems like voltage sags and harmonics and also in maintaining reliability of
the system by preventing voltage collapse events and system outages by injecting needed
amount of real and reactive power whenever the system has a deficit. While DERs can
greatly assist in maintaining the power system reliability by providing backup power
promptly whenever and wherever needed, some of the DER technologies like Combined
Heat and Power (CHP) employed most commonly in simple cycle gas turbine can utilize
the excess heat which would have been wasted otherwise and can increase the efficiency
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of the system by up to 70-80% [6]. Due to the fact that DERs, especially, renewable
energy based ones use cleaner energy sources like wind and solar power, they are capable
of producing emission-free power and hence, have greater incentive to be considered due
to the low carbon footprint. Similarly, as all the DERs are modular and have capability of
providing local power to the consumers, these small generators help in cutting off the
transmission losses which indirectly reduces the cost and emission associated with
generating equal amount of power from the central generation. And, with efficient
technologies like CHP, the amount of energy consumed from the grid is greatly reduced
and hence, the resulting emissions [3, 6]. Despite all the mentioned benefits from the
DERs, several technical and economic challenges imposed with the increased integration
of the DERs to the grid and even when used in the micro-grid mode cannot be denied [1][7].

1.2 DIFFERENT DER TECHNOLOGIES
This section summarizes various types of DER technologies which are commonly used in
the grid connected and islanded micro-grids [8-11]. DERs can be broadly categorized as:
Non-Renewable energy-based and Renewable energy based. Combustion engine
generator sets, Gas turbines and micro-turbines are few examples of non-renewable based
DERs and wind power, solar generation, fuel cells, etc. are few examples of renewable
energy based DERs.
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Non-Renewable energy-Based DERs
Combustion Engine Generator Sets:
Combustion Engine Generator Sets are the units consisting of an internal combustion
piston-driven engine, an electrical generator along with necessary controls to make it
operate in a stand-alone or grid connected modes. This kind of sets can be of variable
sizes and can be used with variety of fuel types like biogas, methane, natural gas,
propane, gasoline, diesel and landfill gas. The needed mechanical power for the electrical
generator is provided by the engine which also helps in maintaining the desired operating
frequency in proportion to the rate of engine rotation. A truck type diesel engine running
at 1800 rpm can help to generate a 60 Hz output voltage waveform from a four pole
synchronous generator in the United States [10]. The electrical generator can be either
induction or synchronous generator. However, since induction generator is not capable of
controlling voltage or reactive power independently, it cannot be used in a stand-alone
application. For this reason, synchronous generator is more popular.

Combustion/Gas Turbines:
Gas turbines comprises of a compressor, combustor and the turbine generator set which
converts the rotational energy to electrical power. The energy is extracted from the flow
of combustion gas. A simple cycle gas turbine is a mature technology which works on the
Brayton or Joule thermodynamic cycle. The atmospheric air is compressed, and this
compressed air is heated through fuel combustion. The heated air-fuel mixture is allowed
to expand through a turbine which will drive the generator. The gas turbines have
4

relatively higher efficiency and slight increase in efficiency of one of the system
components impacts the overall efficiency by a very high percentage. It has been
observed that only small change in system components have increased the efficiency of
gas turbines from 25% in the 1950s to 35-38% in the present models[8].

Micro-turbines:
Micro-turbines work on the same principle as combustion turbines and can be driven by
all the fuel types mentioned for gas turbines. These are small, lightweight and singlestaged gas turbines with the size ranging from 25 to 500 kW[10]. Micro-turbines work
based on a Brayton cycle engine using air and fuel mixture to produce the shaft power.
The electrical generator could be either a Permanent Magnet Synchronous Generator or a
gear reducer with a synchronous generator. Micro-tubine comprises of several
components: compressor; combustion chamber, turbine, generator, recuperator and power
controller. Recuperator or heat exchanger is a vital component of a micro-turbine which
helps in recovering waste heat from the turbine exhaust and using it to preheat the
compressed air. With the use of 85% effective recuperator, the overall efficiency of a
micro-turbine can be increased from 15-17% to as high as 33% [8]. The micro-turbine
operates in a high frequency range of 49 kHz to 96 kHz under load and hence, the
generator output frequency ranges from 1500-4000 Hz[10]. In order to connect the
micro-turbine/generator output to the grid, AC-DC-AC conversion is required so that the
generator output is 60 Hz AC.

5

Micro-turbines can be operated in grid-connected as well as stand-alone mode with the
capability of parallel connection. In the grid connected mode, the generator is operated
like motor by importing power from the grid, thus, helping in rotation of the microturbine shaft initially. The voltage and frequency control functions are disabled in this
mode, however, in stand- alone operation mode, it is required to control voltage and
frequency independently.

Renewable energy-Based DERs

Solar Photovoltaic (PhV4) systems:
Solar Photovoltaic (PhV) systems utilize freely available sunlight to produce electricity
through the use of semiconductor based solar cells. A PhV cell acts as a photo diode such
that as the light energy in the form of photon strikes the cell surface, an electron-hole
pairs are generated in the p-n junction of the cell. This phenomenon generates electricity
which is dependent on the cell surface area, ambient temperature and incident irradiation.
As the voltage produced by the solar cell itself is only limited to the forward drop across
the p-n junction, the voltage and current produced by a single cell are very small in
magnitude. Hence, a large number of solar cells are connected in series and parallel to
obtain panels and series and parallel connections of large number of panels produce

4

Solar Photovoltaic Generator in this dissertation is abbreviated as (PhV) unlike the commonly used
abbreviation (PV) in order to avoid confusion with active power and voltage (P-V) control that is proposed
in the work.
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arrays. Most PhV arrays are provided with the maximum power point tracking (MPPT)
systems so that the arrays can always generate maximum power output with the changing
irradiance conditions. Since the output of the solar array is DC power, a utility interactive
power inverter that converts the generated DC voltage to AC voltage of desired
frequency should be used in order to connect the arrays to the grid. Hence, proper control
of inverters can allow solar PhV to inject both real and reactive power to the grid. This
capability of solar PhV is investigated in this dissertation.

Solar PhV offers many advantages like minimum environmental impact; sustainability
because of the solar energy as fuel; reduction in customers’ electricity bill due to zero
fuel cost; long lifetime spanning 20-25 years and silent operation. Despite this fact,
higher installation cost and low energy efficiency still act as major challenges to this
technology. Due to the intermittency of the solar energy supply, most of the solar PhV
installations have energy storage in the form of batteries in order to store the excess
power during the time of excessive irradiance and use this power whenever needed.

Wind Energy Conversion Systems (WECS):
Wind Energy Conversion Systems (WECS) converts the kinetic energy of the wind into
the electrical energy output. The main component of WECS is the wind turbine. The gust
of wind rotates the wind turbine fan and a shaft which drives the electrical generator.
Induction generators are mainly used in WECS. The wind turbine is connected to the
generator through a gear box which helps in transformation of slow rotational speed at
7

the turbine side to a high rotational speed at the generator side. The main components of
the wind turbine are the tower, rotor and the nacelle which houses the generator and the
transmission arrangements. Wind turbine configuration can be either vertical axis or
horizontal axis. The wind turbine output depends on various factors like wind speed,
shape and size of the turbine. There is a dynamic fluctuation of the torque output of wind
turbine due to the variations in wind speed. This variation in torque can cause the
dynamic variation in output power and flicker in the output voltage. The constant speed
wind turbine is not capable of tackling these variations but the variable speed wind
turbine have a capability of providing smoother power output with stable bus voltage.

Fuel Cells:
Fuel cells convert the chemical energy from the fuel to the electricity through the
chemical processes. Unlike batteries, which store the chemical energy, fuel cells convert
this energy to usable form of electricity. Hence, these do not require re-charging and are
capable of producing continuous supply of electricity so far as fuel and oxidant are
provided[8]. Fuel cells can be operated using various hydrogen rich fuels like natural gas,
biogas, methanol, ethanol, Kerosene, propane, etc. Due to the property of high reactivity
that minimizes the use of expensive catalysts, hydrogen is considered as the most suitable
fuel for the cell and oxygen is considered the most suitable oxidant due to its abundance
in the atmosphere.
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Fuel cells comprise up of a positive electrode or anode and negative electrode or cathode
and an electrolyte. Fuel is supplied at anode and an oxidant at the cathode terminal of the
cell. The oxidation of the fuel at anode and reduction of the cathode results in the
electrochemical reaction and hence, the flow of electrons from anode to cathode through
the external circuit if the cell is connected to the load.

Fuel cells can be stacked in series and parallel combination to build the generation plants
with increased power capacity. However, in order to connect it to the grid, a power
converter is needed to convert DC to AC of desired frequency. Fuel cells are light weight,
compact, quiet in operation and modular with the size varying from few hundreds watts
to a few megawatts.

Biomass and biofuels:
Biomass is the material extracted from plants and animals and their residues and wastes.
This organic, carbon based material reacts with oxygen during metabolic processes and
combustion to produce heat. This heat, if exceeds 400oC, can be used to generate
electricity with steam turbine and generator sets. Biomass can be transformed to biofuels
like methane, liquid ethanol, methyl esters, etc. through the biochemical processes.
Biomass and biofuels are considered to be renewable resources only if the growth of
biomass can cope with the use.

9

Small Hydro-power:
The hydroelectricity is generated through the turbine rotated with the help of high
pressure falling water that drives the generator. Hydro-power is the most established and
popular renewable resource for electricity production. Hydro-turbines have a very quick
response for power generation and hence, are capable of handling the load variations.
These can be directly connected to the grid.

1.3 INTEGRATION OF DERs TO THE GRID
The high penetration of DERs in the modern electricity grid can provide many potential
positive benefits through their integration but they can have many negative impacts on
the network if power output and voltage at the Point of common coupling (PCC) is not
properly regulated through controls. The challenge mainly lies in the integration of
varying renewable sources like Solar PhV and Wind Energy Conversion systems. DERs
can provide a technical relief to the grid in the form of reduced losses, reduced network
flows and voltage drops, however, there are several negative impacts due to high
penetration of these variable resources which include voltage swell, voltage fluctuations,
reverse power flow, changes in power factor, injection of unwanted harmonics, frequency
regulation issues, fault currents and grounding issues and unintentional islanding[12].
Integration of DERs to the grid should ensure that there are not any negative impacts in
safety, reliability and quality of the supply after the interconnection is done.

10

Several components are involved in the integration of DER to the utility grid. The system
components of the DER interconnection system comprise of the following:


DERs, power conversion and conditioning system which includes inverters and
transformers, control of DERs, and, power distribution networks which comprise
of panel board containing switches, circuit breakers, fuses, overcurrent devices,
etc;



Local Electric Power System (EPS) consisting of facility wiring, panel boards and
components at the point of common coupling (PCC);



Local EPS protective relaying, transfer switch for transferring conductor
connections from one power source to another;



paralleling switchgear to synchronize the DER/s operation with the area EPS, the
PCC which is a point of connection of the local EPS with the area EPS;



Meter which measures the usage of electric energy;



Area EPS which is the local utility’s distribution system or a grid;



Area EPS protective relaying; Dispatching and controlling equipment required to
interface with DERs and manage them; and



The device which monitors and meters various functions supplied by the DERs.

11

Figure 1 shows the schematic of the various components involved while interconnecting
DERs to the grid [13].

AC Loads

DC Loads

Power
Distribution
System

DER

Power
Conversion
and /or
Conditioning

Local EPS
Protective
Relaying

Transfer
Switch of
Pralleling
Switchgear

INTERCONNECTION SYSTEM
DER
Controls

DER Monitoring
and Metering

Power Flow
Communication

Meter

Area EPS
Protective
Relaying

Area Electric
Power System
(EPS)/ Grid

Point of Common
Coupling (PCC)

Dispatch and
Control

Figure 1. Interconnection System Schematic[13].

Depending on whether the DER being considered for interconnections is a reciprocating
engine/combustion turbine, a micro-turbine, the PhV systems, a fuel cell or the wind
generator, the electricity generated by DERs can be either directly connected to the area
EPS through synchronous or induction generators or indirectly connected with the help of
static power electronics (PE) interface. These interconnection interfaces are briefly
described as follows [13, 14]:

12

Synchronous Generator:
The DERs like reciprocating engine/combustion turbine and micro-turbines can be
connected directly to the area EPS with the help of synchronous machine interface.
Synchronous generator is the most common type of electric generator used in power
systems. These are the rotating machines which convert the mechanical power applied
from the turbine shaft to the electrical power. The generator runs at a speed known as
synchronous speed which is in synchronism with the frequency of the connected area
EPS. The separately excited synchronous generators are even capable of supplying
sustained fault current in all operating conditions. As compared to the induction
generator, synchronous generator needs more complex controls so as to synchronize it to
the area EPS as well as to control the field excitation. However, these generators provide
a capability of controlling power factor through the adjustment of DC excitation current
and can also provide power to the local EPS in the event of outage in area EPS.

Induction Generator:
Just like synchronous generator, induction generator is capable of converting mechanical
power to the electrical power and have similar stator configuration, however, the rotor
construction in induction generator is different than synchronous generator, in that, it
does not require external dc field current for operation. Induction generator operates at a
speed determined by prime mover which is slightly higher than synchronous speed and
requires an external source to provide the magnetizing current required for the magnetic
field between stator and rotor. Out of the two induction generator rotor configurations:
13

cage rotor and round rotor, cage rotor has special advantage over synchronous machine
counterpart in having lower cost, however, induction generator draws reactive power
from the area EPS and hence, there should be a provision of VARs either from capacitors
or PE based VAR generators when induction generators are used. Induction generators
are applicable with the DERs in which the prime-mover power is not stable such as wind
and small hydro applications.

Power Electronics (PE) Interfaces:
There are many DER technologies which generate the electrical voltage not in
synchronism to the area EPS or a grid. The DERs like solar PhV, fuel cell, storage
batteries generate DC power while wind generators produce the AC power from an
asynchronous generator and micro-turbines produce a non-synchronous AC. Hence, an
intermediate power conversion stage is required in order to convert the power generated
by the DERs to the power with voltage magnitude and frequency in synchronism to the
area EPS. The power electronics (PE) interface performs this task of connecting any type
of DER systems to the grid by providing either DC - AC or AC - DC - AC conversion
stages.

PE interfaces comprise of semiconductor switches with the devices like thyristors,
diodes, insulated gate Bipolar transistors (IGBTs) or MOSFETs with proper control of
the duty cycle of these switches to fulfill the desired objectives. With the proper controls
of switches, PE interfaces may be capable of regulating voltage at the point of
14

connection, and providing desired amount of real and reactive power to the system[15,
16]. Similarly, with the help of proper control of PE interfaces, DERs can be capable of
providing various types of ancillary service required for the proper operation of the
power systems. These include spinning and non-spinning reserves, harmonic
compensation, load following, back-up supply, peak shaving and network stability[17,
18]. Another very important advantage of the PE devices is a very fast response, hence,
they are capable of responding to the fault and power quality disturbances within the subcycle range [14]. Similarly, the PE devices are solid state static devices which have
higher efficiency and reliability as compared to the rotating machine based
converters[13]. Figure 2 gives an overall picture of all the interconnection interfaces
described above.
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Figure 2. Interconnection interfaces of DERs to the grid.

The Institute of Electrical and Electronics Engineers (IEEE) has set a standard for the
interconnection of DERs to the utility grid. The standard is termed as IEEE 1547,
Standard for Interconnecting Distributed Resources with Electric Power Systems[10].
This standard has set uniform criteria for the interconnected DERs in terms of safety,
operation, performance, testing and maintenance. The main focus of this standard is
DERs connected to the radial distribution feeder. IEEE 1547 provides technical
requirements for the safety and reliability of DER interconnection which includes
voltage regulation, power monitoring, grounding, synchronization, connection to
network distribution systems, back-feeds, coordinating equipment ratings, disconnecting
means, abnormal operating conditions, power quality and islanding. Regarding the
standards for voltage regulation, original version of IEEE 1547 does not allow
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distributed generation (DG) to actively regulate the voltage at the PCC with the electric
utility grid[10]. DG connection to the utility grid tends to affect the voltage profile.
Also, the intermittent resources like wind and solar does not tend to coordinate with the
utility efforts on voltage regulation. Similarly, large number of single phase DGs can
cause voltage imbalances in a three phase systems. With these and several other issues
of the interconnection of DG to the utility grid, this rule on voltage regulation has been
imposed. However, with the new working group, 1547.8 formed by IEEE Standards
Subcommittee 21, a recommended practice is under development which will identify the
cases where local Volt/Var control is permitted especially in the case of high DER/PhV
penetration.
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1.4 MICROGRIDS
Microgrid is a collection of distributed generators or micro-resources, energy storage
devices and loads which operate as a single and independent controllable system capable
of providing both power and heat to the area of service [19]. The micro-resources that
are incorporated in micro-grids comprise of small units, less than 100 kW provided with
power electronics (PE) interface. Most common resources are Solar Photovoltaic (PhV),
Fuel Cell (FC) or microturbines which are located close to the load centers and
integrated together to produce power at the distribution voltage level. The PE interface
and controls of the microresources ensure that desired power quality and energy output
is maintained independently during operation. Hence, from the utility grid perspective,
the microgrid is viewed as a single controllable unit capable of meeting local energy
needs helping in reliability and security of the system.

Figure 3 shows a typical configuration of a microgrid[11]. Microgrid comprises mostly
the resources which can produce both heat and power altogether such that overall
efficiency of the system is maximized. The microsources and storage devices are
connected to the feeders through the microsource controllers (MCs). Microgrid is
connected to the medium voltage level utility grid at the point of common coupling
(PCC) through the circuit breakers. The feeders are also supplied with several
sectionalizing circuit breakers (SCBs) which help in isolating a part of the microgrid as
needed. Microgrid can be operated in either grid connected or islanded modes. When
connected to the grid, the operational control of voltage and frequency is done entirely by
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the grid; however, microgrid still supplies the critical loads. In islanded condition,
microgrid has to operate on its own independent of the grid. The operation and
management in both the modes is controlled and coordinated with the help of
microsource controllers (MCs) at the local level and central controller (CCs) at the global
level. MC has a function of controlling the power flow and bus voltage profile of the
microsource according to the load changes or any other disturbances. The CC, on the
other hand, is responsible for the overall control of Microgrid operation and protection. It
aids in maintaining specified bus voltages and frequency of the entire microgrid and also
takes part in energy optimization for the microgrid.

The microgrid concept promotes the high penetration of modular DERs such that entire
microgrid is supplied by different types of DERs by maintaining the specified operational
criteria like voltage and frequency, specially, in the case of islanding. Hence, microgrid
offers lots of advantages to the future grid in that it promotes the green and more efficient
DERs and hence, less environmental impact and cost due to increased efficiency.
Similarly, it helps in improving the power quality and reliability of the supply because of
decentralization approach to match supply and demand.
Despite all the potential benefits the microgrid offers with its development, there are
many challenges which need to be addressed for the successful operation of the micro
grid. The most important one is the technical difficulty in managing large numbers of
plug and play micro-resources and it requires a very robust communication infrastructure.
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High costs of DERs and absence of operational standards also impose some challenges to
its successful operation.
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Figure 3. Typical Microgrid Configuration[11].

1.5 MOTIVATION
With the increasing environmental concerns, yet ever increasing electricity demand, the
interest toward renewable based electricity generation, in present years, is the best
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candidate to fulfill world’s energy demand in the years to come. The world energy
consumption is projected to be 30 TW by 2050 and to stabilize the atmospheric CO2 by
then, there should be a generation of 20 TW of non-CO2 energy [20]. Hence, the
renewable and sustainable resources like Solar PhV and others have to take up a major
share in electricity generation in order to achieve this target. This provides a greater
incentive to perform a research on integration and incorporation of Solar PhV into the
modern power system. Due to the lack of transmission line capacity to cope with the
increasing demand, more interest is growing towards distributed generators. DGs, in
general, offer several other advantages over centralized counterpart in terms of peak
shaving, high reliability, emergency backup, increased efficiency and several others. The
renewable energy based DGs provide additional important advantage in terms of
environmental friendliness.

According to the US Energy Information Administration (EIA), 7103 commercial and
industrial DG units with a total capacity of 12.7 GW-electric was installed in 2007[6].
There is a lack of statistical data for residential sector, which might be negligible, yet
with a growing trend. The DG capacity of the United States was 1.27% of the 995 GW
electric capacity in 2007 which was an increase from 0.5% in 2000[6]. Figure 4 shows
the present and projected future trend of electricity generation share from renewable
energy based DGs. The generations from all the renewable DGs including solar PhV
show the growing trend.
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Figure 4. Projected electricity generation by selected DG sources[21].

On the other hand, voltage and frequency are two very important parameters for stable,
secure and reliable operation of any power system. Voltage instability and collapse is
caused due to the lack of reactive power in the system and frequency problems arise due
to the imbalance between system load and generation. Insufficient reactive power source
and mismatch between generation and loads due to line trip or generation outages have
been reported to be main triggers for major blackouts in various parts of world in the
past[22, 23]. Reactive power is best utilized for voltage control if it can be produced
locally, at the point where it is needed. DERs are capable of producing VARs locally and
at a faster speed. Moreover, with the proper control of PE interfaces of the DERs
producing DC power like Solar PhV, controlled amount of real and reactive power can be
produced. Thus, these small generators can play an active role in maintaining the voltage
at the PCC within desirable range and can even contribute in maintaining system
frequency at 60 Hz while participating in a micro-grid mode. Hence, it provides enough
22

inspiration to explore these capabilities of Solar PhV including storage even more.
Furthermore, not many research works have been reported on the Solar PhV with storage
being actively involved in frequency control scheme.

With large penetration of the DERs in future power systems, operation of grid in
coordination with these small generators is a big challenge and micro-grid concept seems
to cope with this challenge. This conglomeration of small DERs called micro-grid is
capable of operating independently as well as in connection to the central grid. Hence, the
control of individual participating DERs to control voltage and frequency of the microgrid is an interesting area of research. In most of the present works, diesel generators are
used for micro-grid frequency control. Hence, the performance of Solar PhV with storage
to properly control voltage as well as frequency of the micro grid needs investigation.
The major aim of this dissertation is thus, to scrutinize on how to effectively control
voltage and frequency using Solar PhV in grid-connected as well as micro grid mode.

1.6 DISSERTATION OUTLINE
The rest of the dissertation is organized as follows:
Chapter 2 reviews all the recent and relevant works done in this area. Chapter 3 presents
the proposed maximum power point tracking (MPPT) algorithm with active power and
voltage (P-V) control capability of the solar PhV generators. The application of
previously proposed active and non-active (P-Q) control algorithm with solar PhV
generator is also presented. Chapter 4 describes the proposed coordinated voltage and
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frequency (V-f) control with MPPT control and battery storage system and the
application of previously proposed P-Q control algorithm also with MPPT and battery.
Chapter 5 depicts major contributions from the dissertation and outlines some of the
possible future direction of the work and hence, concludes the dissertation.
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CHAPTER 2
LITERATURE REVIEW
This chapter presents the review of the past and on-going research findings in the area of
voltage and frequency control including reactive and active power control strategies with
Distributed Energy resources (DERs), in general, as applied to the micro-grids. A review
of few literatures related to various methods of measurement of power system frequency
is also discussed. It also presents the discussions about the research on modeling and
controls of Solar Photovoltaic (PhV) in particular.

2.1 POWER SYSTEM FREQUENCY MEASUREMENT METHODS AND
PROGRESSES
Unlike the measurement of bus voltage magnitude in power grids, the system frequency
measurement is a critical issue. In North American interconnections, the power system
frequency should be maintained in a very narrow band around 60 Hz during normal
operation [24]. Hence, the measurement of the grid frequency should be very accurate
and fast. Various methods have been adopted to measure the power system frequency
with various levels of accuracy, speed and simplicity.

A very simple method adopted by the solid state relays in measuring the grid frequency is
to detect zero crossing of the voltage waveform. But, however this method has a serious
drawback of giving inaccurate results while measuring frequency of the voltage signal
with distortion and noise as in this case, there will be multiple zero crossings[25]. Several
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other methods have been proposed in the past to overcome a drawback of the zero
crossing detection technique. These include: Discrete Fourier transform and recursive
phasor computation [26], Kalman filtering technique [27] and least error squares method
of estimating frequency [28], [29]. In [25], a very fast and accurate method of frequency
measurement is presented using a Digital Signal Processing (DSP) based technique. Here,
the digitized values of the voltage samples taken at a specified sampling rate are
considered for measurement. This method is claimed to provide a correct and noise-free
estimate of near nominal, nominal and off-nominal frequencies within the time span of 25
milliseconds (ms). In [30], an iterative technique is proposed for estimating power system
frequency in the resolution of 0.01-0.02 Hz in the time span of only 20 ms. This method
uses proper design and adjustment of orthogonal filters used to block harmonic
components of the measured voltage. In current context, Wide area measurement systems
(WAMS) implements Phasor measurement units (PMUs) and Frequency monitoring
network (FNET) which is capable of measuring the power system states e.g. voltage,
current, phasor angle, and frequency across a very large area [31-34]. The
synchronization of phase and frequency with respect to the controllable oscillator, and
hence, the measurement of these parameters for the actual signal can be taken with the
help of Phase Locked Loop (PLL) [35][36]. The basic PLL comprises of a phase detector,
a loop filter and a voltage controlled oscillator (VCO). The phase detector compares the
input signal with the output of voltage controlled oscillator; a loop filter helps in filtering
out the output from phase detector and VCO is essentially, an oscillator in which the
output frequency deviation is proportional to the input signal.
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2.2 VOLTAGE AND FREQUENCY CONTROL WITH DISTRIBUTED
ENERGY RESOURCES (DERs) IN MICROGRIDS

Following some small disturbances like load variation or severe disturbances like faults,
generator trips, etc., the system voltage and frequency are very likely to go beyond the
acceptable range. According to the guidelines, the distribution level voltage should be
maintained in the range of

5% of the nominal value which is known as “ANSI Service

Range A” or simply “ANSI Range A” [7]. In the modern power systems, DERs can help
in augmenting the voltage dips caused by the mentioned disturbances. Unlike the grid
connected mode where the central generators maintain the system frequency at 60 Hz,
participating DERs have complete responsibility of maintaining the system frequency in
case of islanded micro grids. In order to maintain the voltages and frequency of the
system at the desired level, inverters associated with DERs should have proper controls.
Various research have been done to investigate the voltage control methods with DERs in
grid-connected mode and both voltage and frequency control methods in islanded
microgrids.

The frequency control of traditional synchronous generators is performed through
governor droop control [37]. The micro-grid voltage and frequency control can also be
performed using the same principles as traditional droop control methods [38][39][40].
The real and reactive power control based on the adaptive droop controller is proposed in
[40]. This work uses the frequency locked loop based on second order generalized
integrator (SOGI-FLL) in order to measure voltage and current phasors with greater
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precision. In [41], other two DERs control paradigms besides microgrid e.g. Cell and
Virtual Power Plant (VPP) are discussed. The Cell concept was first introduced in
Denmark in 2004 and it comprises of radially operated distribution network below a
150/60 kV transformer. The operation of cell under contingencies leading to the cell
islands is performed by a cell controller. VPP, on the other hand, is the aggregation of
large number of low-power DERs into a big equivalent generator that can even
participate in the energy markets and provide ancillary service to the system. Some other
cooperation and control methods among the participating micro-resources in the microgrid like inverter modes control, primary energy source control, reverse droop control,
autonomous control and multi-agent based PQ control proposed by various authors have
been pointed out and discussed in [42].

In contrast to the traditional concept about close coupling between real power (P) and
power system frequency (f) and reactive power (Q) and bus voltage (V), research have
found out that in low voltage microgrid with line resistance (R) highly greater than line
reactance (X), there exists a very close coupling between voltage and real power as well
as the coupling between frequency and reactive power [43-45]. In [44] a voltage power
droop/frequency –reactive power boost (VPD/FQB) control scheme which is capable of
controlling multiple Voltage source converters (VSCs) to operate in parallel is proposed.
In this case, voltage control loop is designed with the help of transfer function which
relates d-axis VSC current to the microgrid bus voltage and the frequency control loop
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design is performed with the help of another transfer function relating q-axis VSC current
to the microgrid bus frequency.

In order to operate the microgrid system stably in the islanded mode where the voltage
and frequency references are hard to achieve, the necessity of having a reference signal in
the microgrid inverter control is pointed out in [43]. In this work, the necessary voltage
reference signal is obtained from the main grid and an inverter is allocated as a master
unit which will provide this signal to the microgrid. All other inverters would be operated
in a constant PQ mode. The implementation of tradition control techniques like root locus
and frequency domain analysis in microgrid control is carried out in [45].

In [46] the mathematical model and the voltage/frequency control strategy for an islanded
DER units connected to the grid through a power electronic interface is proposed. The
method proposed here is based on dq-frame current control scheme. This work utilizes
the built-in Phase Locked Loop (PLL) in the DER systems for synchronization to the grid
voltage. A feed-forward signal is utilized to eliminate the coupling between d-axis and qaxis control loops.

In order to cope with high penetration of DERs in the low voltage grid, there should be a
proper communication between the participating DERs. The implementation of
Autonomous Electricity Networks (AEN) for the control and interaction of a group of
DERs is proposed in [47]. The work uses a communication overlay toolbox called
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Agora+. Both technical and economic objectives have been considered to develop the
control methods. The primary droop control ensures the control of voltage and frequency
under contingencies, the gossip based secondary control optimizes the power quality, and
the gossip based tertiary control is applied for economic dispatch. All together these three
controls take care of both technical and economic aspects.

With the inverter integrated system, the power quality and unbalances in the voltage
waveform are also very important issues to be taken care of while performing the voltage
and frequency control. The control algorithms which take care of power quality and
unbalance compensation issues are proposed in [48, 49]. If the control of the output
current of the inverter is done in an explicit current control loop, it makes the inverter to
act as a high impedance path that blocks the harmonic currents caused by the grid voltage
distortion [48]. In order to correct the harmonic distortion in the voltage waveform, it
proposes a control method which filters the voltage waveform to identify the harmonic
distortion and uses this feedback to generate a current reference that is added to the active
and reactive current references. The controller based on Dumped Load (DL) which helps
in active power balance of the system and hence, in turn, aid in frequency control is
proposed in [49]. In this work, the same DL is used as a compensator of the unbalanced
currents among the phases. Here, synchronous machine and induction machine based
DERs are considered for study.
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Other control schemes based on robust controller and optimization methods applied to
hierarchical control are also implemented in voltage and frequency control problems of
the islanded micro-grid [50-52]. A hierarchical control scheme to coordinate the microresources in the islanded micro-grid to contribute in restoring the system frequency is
proposed in [50]. The three hierarchical structures for the micro-grid control comprises of
Distribution Management System (DMS) in the first level, Central Autonomous
Management Controller (CAMC) in the second level and MicroGrid Central Controller
(MGCC) in the third level. The control scheme uses optimization based on standard
linear optimization technique to obtain the information about the required change in real
power in the system and its distribution among the participating DERs. The objective is
to minimize the cost of micro-resources. The robust controller for micro-grid control
operation based on L1 robust control theory is presented in [51] and the one based on H∞
theory is proposed in [52]. In [51], Particle Swarm Optimization (PSO) to is applied to
solve the optimization problems. In [52], the master DER is designed to control voltage
of the micro-grid based on H∞ robust control and the remaining DERs control the real and
reactive power based on the conventional dq-current control strategy.

The penetration of renewable energy based DERs as compared to fossil fuel based DERs
are increasing in the recent years. Hence, the research and challenges on integrating
renewable-based DERs like Solar Photovoltaic (PhV) and wind in grid connected and
islanded micro-grids are growing. Very few researches have been done regarding voltage
and frequency control using solar PhV and storage [53-57]. The application of solar PhV
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in voltage and frequency regulation in an islanded micro-grid consisting of a synchronous
generator, a solar panel with a single phase inverter and a varying resistive load is
discussed in [53]. In this work, Phase Locked Loop (PLL) is used to measure the
frequency and phase of the generated signal. The active current injection to the system in
order to maintain micro-grid frequency is calculated with the help of Predictive Current
Control algorithm. The maximum power point tracking (MPPT) of the solar array is done
by using a hill climbing algorithm which changes the duty ratio of the booster and
monitors the output power. A detailed mathematical model of solar PhV array based on
the diode model is described in [54]. A three level inverter topology with neutral point
clamp (NPC) is used instead of a conventional two-level six-pulse inverter structure that
provides additional degree of freedom so that more accurate sinusoidal waveform can be
attained. However, NPC inverters have a drawback in that capacitor banks must be used
to maintain the constant voltage of half the magnitude of the DC side voltage. Three
levels of control namely external, middle and internal level controls are defined for a grid
connected PhV system. The external level control is responsible for controlling active
and reactive power exchange from the PhV and the grid, the middle level control helps in
dynamically tracking the reference value set by the external level and the internal level
control generates the switching signal for the three- level voltage source inverter (VSI).
The power modulation process of PhV generators for frequency regulation purpose is
discussed in [55]. The rapid fluctuation of PhV generator output is stabilized with the
help of a double layer capacitor which also helps in changing output of the generator at a
limited ramp rate. The voltage control and the frequency control are decoupled with each
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other by adding a term considering the effect of real power change on system voltage in a
voltage control algorithm and incorporating a term related to the change in system
voltage in the frequency control algorithm. Several methods of load frequency control in
a micro-grid comprising wind power, Solar PhV and diesel generators are examined in
[56]. The load demand estimation and proportional control methods are discussed for the
wind generation and the frequency control of the PhV generator is carried out by using
variation of active power. The importance of shunt connected voltage source inverter
(VSI) with PhV generator in order to compensate for the voltage sags in the grid
connected mode is discussed in [57]. This work proposes a controller for the PhV system
based on the droop control method for voltage and frequency control by controlling
reactive and active power respectively. The control method used comprises of: the outer
loop provides the voltage reference based on the voltage-reactive power droop, while the
active power reference is obtained from the MPPT of solar array; the inner loop
comprises of a repetitive controller that is capable of compensating for third and fifth
order harmonics and a PI controller that improves the stability of the system through the
low-pass filtering function.

The improvement on the traditional droop based voltage and frequency control by
decoupling the active and reactive power control, a new method of a virtual frequencyvoltage frame control is proposed in [58]. The original voltage and frequency is
transformed to a new virtual frame using some transformation matrix so as to achieve
completely decoupled control of active and reactive power in the low voltage micro33

grids. It is pointed out that, in this method, if the transformation angles are chosen
different for different DERs, then, the microgrid voltage and frequency will be converted
to different values in different virtual frames and proper power sharing among the DERs
using the voltage and frequency signals cannot be undertaken. Hence, this method
requires that the transformation angle for all the DERs in the microgrid should be the
same.

2.3 POWER ELECTRONICS (PE) INTERFACE FOR INTEGRATION OF
DISTRIBUTED ENERGY RESOURCES IN POWER SYSTEM

Most of the Distributed Energy Resources (DERs), either renewable or non-renewable
based, are capable of producing either Direct Current (DC) or asynchronous alternating
current (AC) output voltage. In order to integrate them into the grid, it is required that the
DC supply is converted to AC supply with desired voltage magnitude and frequency
synchronous to the grid. This is where the power electronics interface comes into picture.
The power electronics converters can convert the DC voltage to a desired value of AC
voltage or from asynchronous AC to DC and then DC to synchronous AC of 60 Hz. With
proper controls of - inverter switching, the DERs can be controlled to inject desired
amount of real and reactive power to the grid as required.

Advancements in PE interface technologies for the integration of DERs into the grid or in
islanded case as in micro-grid have increased the capability of such interface in providing
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lots of benefits to the system through its components and control strategies [14, 59-64].
The benefits offered by the PE interfaces is discussed in [14] such as providing improved
power quality, reactive power and voltage support, improved DER fault current
coordination, interoperability with other DERs, fast switching capability in the case of
micro-grids and PE modularity and standardization. The further enhancement in
performance of PE interfaces can be achieved through proper communication between
various DERs as pointed out in [59]. The topology of the Voltage Source Inverters (VSIs)
and the material used for the construction of switches of VSI have a greater impact on the
performance characteristics of the PE interfaces [60, 61]. In [60], a novel DC/AC
converter topology is proposed where a fly back type auxiliary circuit is integrated with
an isolated C′uk-derived VSI in order to obtain higher voltage gain. With this topology,
the capacitors of the C′uk and flyback circuits are connected in parallel while charging
and in series while discharging such that lower voltage rating devices can be used and the
conversion efficiency would be enhanced as well. Since PE converters comprise of many
switching components, the efficiency can be increased if the switching losses are
minimized. As compared to Silicon based MOSFET switches, Silicon carbide (SiC)
based switches offer very less switching as well as conduction losses and have an ability
of operating at higher temperature [61]. With these and several other advantages over
silicon, silicon carbide has a very promising future to be used in manufacture of switches
used in the PE interfaces for integration of DERs.
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In addition to helping DERs in providing ancillary services to the grid or isolated power
systems, PE interfaces have a capability of compensating for the system harmonics which
is a very important power quality issue [62, 64]. The harmonic component of the DER
output voltage is obtained using a second order generalized integrator (SOGI) based band
pass filter in [62] whereas shunt active power filter (APF) is used to compensate for the
harmonics and reactive currents caused due to the non-linear loads in [41]. In [63]
proposes a droop control based method is proposed which uses reactive volt-ampere
consumption of harmonics of each converter. With this approach, the harmonic filtering
workload can be evenly distributed among the participating converters even without
communications. The removal of the harmonic distortion of the grid voltage can also be
achieved by the combination of using the resonant harmonic filter and injecting the local
voltage signal with the same amount of distortion [64]. This method helps in removal of
harmonic distortion even at low quality factor (Q). Since, the difference in amplitude of
the grid voltage and the voltage at Point of common coupling (PCC) is small due to
injection of the voltage signal with same distortion, the grid harmonic current is reduced.

Based on the control mechanism being adopted, VSIs can also be classified as voltage
controlled VSI (VCVSI) and current controlled VSI (CCVSI) [65, 66]. VCVSI uses the
amplitude and phase of the output voltage to control the power flow. The voltage across
the coupling inductor is controlled to get the desired current flow in VCVSIs. Hence, they
can provide voltage support to the load as they act as a constant voltage source. CCVSI,
however, uses the switching instants to obtain the desired current. CCVSIs provide
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current support because they act as a constant current source. The control method used
for VCVSIs are usually Pulse Width Modulation (PWM) technique whereas generally,
hysteresis current control technique is used for CCVSIs [66]. CCVSIs have faster
response characteristics than VCVSIs as reported in [65, 66].
2.4 REACTIVE POWER MARKET WITH DERS
With the increasing penetration of small DERs in modern power systems, there is an
increased complexity and challenges to integrate these generators in the deregulated
electricity market framework. Moreover, with the integration of more stochastic
generations like Solar and Wind, the need of ancillary services in the form of voltage and
frequency support has become the area of special attention. As mentioned in the previous
sections, with the proper control of power inverters, DERs are capable of producing
reactive power in addition to active power. The economic potential of DERs to provide
reactive power in microgrid is discussed in [67, 68]. The DERs should have a proper
incentive to produce reactive power in the microgrid and this can be provided only with
the price signals in the deregulated market environment. In [67], four different market
models for reactive power dispatch from DERs in the microgrid environment are
proposed which are described briefly as follows:


No compensation framework in which the generator producing active power are
required to produce power so as to maintain particular value of power factor.



Installed capacity based framework in which the generator is paid for its
capability of producing reactive power based on the installed capacity, however,
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in this framework, there is no real time payment according to the kVARs
produced.


Cost based compensation framework in which various cost components like
additional investment cost, additional variable cost and the opportunity cost of
reactive power supply is considered for providing compensation to the producers.



Auction based framework in which the system operator selects the supplier of
kVArh based on the market clearing price and need of reactive power
compensation.

In different market structure, there are various market incentives for the reactive power
producers for the provision of ancillary services [67]. For example: the New York
Independent System Operator (NYISO) provides capability as well as lost opportunity
cost compensations. Similarly, California Independent System Operator (CAISO)
mandates the generators to operate with a power factor in the range of 0.90 lagging and
0.95 leading and it pays the generators the opportunity cost if it forces them to dispatch
reactive power outside of this range.

The mathematical formulation of ancillary service market framework for medium voltage
microgrid for voltage support is presented in [69]. The formulation is an optimization
problem of minimizing the reactive power bids from all the generators with the technical
active and reactive power balance constraints, the total reactive power generation
constraints, and voltage and apparent power limits of the system. Similarly, in [70], a
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multi-objective optimization problem for dispatch of both active and reactive power
considering the volatility of wind generation is proposed. The system operational
objectives like maximizing expected system’s voltage stability margin and minimizing
transmission congestion probability are considered in the optimization problem. This
problem is solved for transmission system level.

The review of effective ancillary service market designs is done in [71]. Ancillary service
market can either be dynamic with hourly or faster prices or it can be cost based in which
the prices are set in advance. The ancillary service markets which affect the real time
operations like voltage and frequency support will have dynamic markets whereas other
services like black start capability are cost based. Out of all the ISOs and Regional
Transmission Organizations (RTOs) of the North American Power System, only
Southwest Power Pool does not have ancillary service market at present. Ancillary
services prices could be calculated as given by the shadow price of the ancillary service
inequality constraint [71] which is the cost of marginal resource providing ancillary
service. Another consideration for ancillary service market could be locational based
requirement. The increased ramping rate requirement due to the high penetration of
variable renewable energy resources is pointed out in this paper.
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CHAPTER 3
P-Q AND P-V CONTROL OF SOLAR PHV GENERATORS
This chapter describes the modeling and control approach adopted for solar PhV
generation in the present work. The modeling of solar PhV based on one diode model is
described in detail and the PhV system configurations are explained. Active and
nonactive power control algorithm used with PhV is described next. It is followed by a
discussion on the proposed solar PhV MPPT control algorithm which has been integrated
to the voltage control algorithm to fulfill the active power and voltage (P-V) control
objective applicable to grid connected microgrids. The chapter also presents convincing
simulation results to validate the applied and proposed control techniques.
3.1 MODELLING OF SOLAR PHV AND SYSTEM CONFIGURATION
Modeling of Solar PhV
The fundamental building block of Solar PhV array is a solar cell which is a photodiode
that is capable of converting solar irradiance into dc current through the photovoltaic
effect [72, 73]. The commonly accepted solar cell model is a one diode model [54, 7476]. The current work uses the single diode model of the solar cell to model the Kyocera
KC200GT solar array, which is shown in Figure 5. The reason to choose this specific
solar module is for easy validation of the simulated I-V curve with the experimentally
available curve from the datasheet. The modeling is performed analytically based on the
underlying equations of the solar cells which can be extended to solar panels and then to
solar array through series and parallel combinations of solar cells and solar panels,
respectively.
40

The practical PhV array is composed of a certain number of solar cells in series. The I-V
characteristics of a solar array, as shown in Figure 6, are represented by the following
mathematical equation (1)
[

where

and

(

)

]

(1)

are the photo current and the diode saturation currents, respectively.
is the thermal voltage of the array,

series for greater output voltage,

being the cells connected in

is the Boltzmann constant (

),

T (Kelvin) is the temperature of the p-n junction of the diode, and q (
) is the electron charge. Also,

and

are the equivalent series and shunt

resistances of the array, respectively, and a is the ideality factor usually chosen in the
range 1 a 1.5. Here a is taken as 1.

Equation (1) gives the I-V characteristic of the solar array as shown in Figure 6 in which
the significant operating points such as short circuit (0, Isc), Maximum Power Point
(MPP) (Vmpp, Impp), and open circuit (Voc, 0) are marked clearly. The photocurrent of the
PhV array depends linearly on the solar irradiation and the cell temperature, as shown by
(2) [74].

Here,

is the photocurrent at the standard test condition (STC,

is the short circuit current/temperature coefficient,
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and 1000 W/m2),

is the difference between the

actual and nominal temperature in Kelvin, G is the irradiation on the device surface, and
Gn is the nominal radiation, both in W/m2.
(2)

.

can be calculated based on (3).
.

(3)

I

+

RS
I PV

Id

RSh

Figure 5. One diode equivalent circuit of Solar PhV.
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Figure 6. I-V characteristics of a practical PhV array.
Using these fundamental equations and parameters from the data sheet, the PhV model is
developed analytically and verified with the panel datasheet. The I-V characteristics of
KC200GT for different irradiation levels at the cell temperature of 25°C as obtained from
the simulation and the datasheet are shown in Figure 7 a) and b), respectively.
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Figure 7. The I-V characteristics of Kyocera KC200GT at a cell temperature of 25oC
obtained from a) simulation and, b) datasheet.
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Figure 8. The P-V characteristics of Kyocera KC200GT at a cell temperature of 25°C for
different irradiation levels.

Figure 8 shows the P-V curve of the KC200GT panel. The maximum power point
obtained for the irradiation level of 1000 W/m2 from the simulation is 200 Watts as
shown in the figure, which is the same as the one obtained from the datasheet. The
parameters for PhV panel KC200GT is shown in Table 1.
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Table 1 PhV Panel Parameters at 1000 W/m2 and 25oC
Model

Kyocera KC200GT

PMPP

200W

VMPP

26.3V

IMPP

7.61A

VOC

32.9V

ISC

8.21A

PhV System Configuration

A system configuration of PhV considered in this chapter is shown in Figure 9 (a and b).
Figure 9a shows the PhV configuration for P-Q control only and Figure 9b shows the
configuration for PhV for P-V control. A single stage configuration is considered here for
P-Q control and a double stage configuration is considered for P-V control in order to
handle different objectives. An instantaneous active power and nonactive power theory
[16, 17, 77] was implemented to develop the control algorithm.

The PhV system is connected in parallel with the grid through a coupling inductor Lc.
The coupling inductor can alleviate the ripples in the PhV output current. The connection
point is referred to as the point of common coupling (PCC) as mentioned in chapter 1,
and the PCC voltage is denoted as vt.

The equivalent local load is also connected at the PCC. The rest of the system is
simplified as an infinite voltage source with a system impedance of R+jωLs. The PhV
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source is connected to the inverter with a DC link capacitor. The PhV energy source is
the active power source, and the capacitor is the nonactive power source of the DER
system. The inverter current ic is controlled so that the desired amount of active power
and nonactive power is provided from the PhV system. The instantaneous values of the
PCC voltage and the inverter current are measured and provided to the controller.

vs is Ls

vs is Ls

Rs

vt

vt

Rs

il

il

PCC
Load

PCC
Load

ic

ic

Lc
vc

ic

ic

vt

vt

Lc
vc

Inverter
2

Controller
Providing
switching
signals

ipv
Vpv

v pv

Controller
providing
switching
signals to
the inverter

Controller
providing
switching
signals to
the DC-DC
booster

Cb
DC-DC Booster

Lb

i pv

1

Cdc
v pv

i pv

Solar PV

Solar PV

a)

b)

Figure 9. Integrated PhV system configuration: a) P-Q Control; b) P-V Control.
Table 2 shows the parameters considered for DC/DC booster and inverter in the model.
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Table 2 Parameters used for DC/DC booster/inverter
Lc

3.5mH

fs (booster/inverter)

20kHz

Lb

0.9mH

Cb

0.4982F

Cdc

0.2mF

3.2 ACTIVE AND NON-ACTIVE (P-Q) CONTROL METHOD

The theory behind active and non-active (P-Q) control method is instantaneous nonactive power theory proposed in [77]. The instantaneous power definitions are extensions
of the standard steady-state power definitions. They are instantaneous active current,
instantaneous nonactive current, instantaneous active power, and instantaneous nonactive
power. Similarly, the rms values of voltages and currents are also defined as
instantaneous values.

The power system in this study is considered to be a three-phase balanced system; hence,
the instantaneous power theory can be simplified, as shown in the following derivations.
The PhV system shown in Figure 9 can also be simplified as the single-phase equivalent
circuit in Figure 10, assuming that the three-phase system is balanced. Let vt(t) and vc(t)
denote the instantaneous PCC voltage and the inverter output voltage (harmonics are
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neglected), respectively, where α is the phase angle of vc(t) relative to the PCC voltage.
These are given by (4) and (5) below.
√

(4)

√

.

(5)

The rms values of vt(t) and vc(t) are given in (6) and (7), respectively.
√ ∫
√ ∫

(6)
,

(7)

where T/2 is one-half of the period of the voltage and is the average interval used here.
Vt(t) and Vc(t) are instantaneous variables as a function of time t. All other rms and power
definitions are also functions of time; therefore, they are valid in both steady state and
transients.
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Lc

ic

vc

PCC

vt

Figure 10. Simplified circuit diagram of a parallel connected PhV.

The current from the inverter to the utility is denoted as ic(t) given by (8).
√

,

(8)

where α is the phase angle between the PCC voltage vt(t) and the inverter current ic(t).
The average power at the inverter side is denoted as P(t) and is given by (9).
∫

.

(9)

The instantaneous active current component of the inverter current ic(t) is defined as
.

(10)

The instantaneous nonactive part of the inverter current is defined as
.

(11)

The ica(t) and icn(t) are the active component and the nonactive component of the inverter
current ic(t), respectively. By controlling these two current components, the active power
and the nonactive power from the PhV can be controlled independently.
The rms values of ica(t) and icn(t) are defined as Ica(t) and Icn(t) as in (12) and (13),
respectively.
√ ∫
√ ∫

(12)
.

(13)
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The apparent power S(t) and the average nonactive power Q(t) of the PhV are given by
(14) and (15).
√

(14)

√

(15)

where Q(t) is defined as positive if the inverter injects nonactive power to the utility, and
negative if the inverter absorbs nonactive power from the utility. P(t) and Q(t) in (9) and
(15) can be approximated by the first terms of the Taylor series if the angle α is small, as
shown in (16) and (17):
(16)
.

(17)

In (16) and (17), with the assumption that the variation of Vt can be neglected, that is, Vt
is constant, then the average nonactive power Q(t) is proportional to the magnitude of the
inverter output voltage vc(t). However, the average active power P(t) is dependent on
both the amplitude Vc and the phase angle α of vc(t).

A P-Q control scheme is developed accordingly with two feedback control loops as
shown in Figure 11. The inner loop controls the nonactive power Q(t) by controlling the
amplitude of vc(t) while the outer loop controls the active power P(t) by controlling the
phase angle α of vc(t). The instantaneous inverter output voltage vc(t) is controlled to be in
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phase with the PCC voltage vt(t). A PI controller PI1 is used to control the magnitude of
the inverter output voltage, vc(t) using (18)

[

]

∫

(18)

Here, Q* is the reference and Qact is the actual value and Kp1 and Ki1 are the proportional
and integral gains of the PI1. The result of this control loop is v*c1(t) which is in phase
with the PCC voltage vt(t).
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1

Figure 11. Active and nonactive power control diagram.
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The outer loop is for the control of active power P(t) by controlling the phase angle α of
vc(t). The output of this loop is

decided by the PI controller PI2 by which the phase

angle of v*c1(t) is shifted to achieve the desired value of P(t). This can be represented by
(19).

∫

(19)

Here, Kp2 and KI2 are proportional and integral gains of PI2 and P* and P are reference
and actual value of active power respectively.
3.3

MPPT (P) AND VOLTAGE (V) CONTROL METHOD

Due to the high cost and low efficiency of the solar PhV generators, it is desirable that the
PhV array always operates at the maximum possible power available at a particular
irradiation level and temperature. This control is termed as Maximum Power Point
Tracking (MPPT). There are several ways of finding the maximum power of the PhV
panel [73]. One way of obtaining Maximum Power Point (MPP) is to plot a set of
hyperbolas defined as IV = constant, and noting the point where the hyperbola is tangent
to the panel I-V curve. Another method is by differentiating the cell power equation and
setting the result equal to zero. The voltage obtained to satisfy this condition could be
verified to be a representative of the maximum and hence, the MPP can be identified. The
next method to find out MPP is to plot the power versus voltage (P-V) curves and noting
down the maximum point. This work uses the last method to find out the MPP. The P-V
curves for different level of irradiation is obtained separately and the maximum power
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point of each curve is noted down. The data of MPP versus irradiance is loaded into a
look up table. A linear approximation method is adopted to find out the MPP
corresponding to the intermediate irradiance data that is not entered into the lookup table.
The most common methods found in literatures for finding MPP are Perturb and Observe
(P&O) method and incremental conductance (IC) method [78-81]. In P&O method, the
panel voltage is increased or decreased at subsequent steps and the PhV power output is
compared to the one in the previous cycle. If the perturbation leads to an
increase/decrease in the panel power then the next perturbation is performed in the same
or opposite direction. In the incremental conductance method, solar array voltage is
adjusted to the MPP voltage through the measurement of incremental and instantaneous
array conductance as dV/dI and V/I. The method used in this work is simpler than P&O
method as there is no need of perturbing the voltage and observing the PhV power but the
maximum PhV power can be directly extracted from the lookup table.

This section describes the MPPT and voltage (P-V) control algorithm which is shown in
Figure 12. A DC-DC booster circuit is added in front of the inverter as shown in Figure
9b making it is as a two stage configuration. This MPP operation of PhV can be the case
when these PhV generators are connected to the utility grid and try to support the grid by
supplying the clean power and at the same time avoiding the installation of the expensive
storage system. Since it is connected to a utility system, out of the available PhV
generators, only a small portion of the total energy suppliers, is assumed to be dispatched
at its maximum power point for economic consideration. With this configuration, the
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loads equal to the MPP of the installed PhV generator would be supplied by these
generators and only the remaining portion of the loads would be supplied by utility.
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Figure 12. MPPT and Voltage (P-V) control diagram of solar array.
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Figure 13. PV Curves of KC200GT panel: a) with varying irradiance; b) with varying cell
temperature
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Figure 14. Relationship of KC200GT panel Maximum Power Point (MPP) with a)
irradiance; b) Cell Temperature.

The PV curves of KC200GT solar panel for varying irradiance and varying temperature
are shown in Figure 13a and 13b, respectively. Also, Figure 14a and 14b show the
relationship between maximum power point (MPP) of the solar panel with irradiance and
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cell temperature respectively. MPP seems to be directly proportional to the irradiance
level and inversely proportional to the panel cell temperature, however, both the
relationships are linear. Hence, a look up table with a linear approximation to find the
missing data is a reasonable assumption to make. In this work, the MPP is obtained from
the look up table for the corresponding irradiance level and cell temperature at first.
Then, three different control loops are used for the MPPT and voltage control as shown in
Figure 12. The loop 1 is a MPPT control at the PhV array side which uses the reference
MPP, PMPPref from the look up table, compares the actual PhV power output (PPV ) with
this reference, and feeds this error to a PI controller, PI1 which outputs the duty cycle δ*
for the DC-DC booster such that the array always operates at the referenced point by
changing this duty cycle. The equation for this control loop is given by (20). Here,
Kp1and Ki1 are the controller’s proportional and integral gains, respectively, for this
particular control loop.
(

)

∫

(20)

At the inverter side, there are three PI control loops in order to transfer this maximum
active power to the output of the inverter. The control loops comprise of the inner loop 2
for voltage control at the AC side [15] and the outer loop 3 comprising of other two PI
controllers for the control of active power output of the inverter and indirect control of
DC side voltage. These control methods are developed for the inverter connected to the
IEEE 13 bus distribution feeder.
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For voltage control at the AC side, feedback PI controller, PI2 is used. As shown in the
control diagram in Figure 12 (loop 2), the PCC voltage is measured and the rms value of
vt(t) is calculated. Then, the rms value Vt(t) is compared to a voltage reference Vt*(t)
(which could be a voltage specified by the utility) and the error is fed to a PI controller.
The inverter output voltage vc(t)* is the reference to generate pulse width modulation
(PWM) signals to drive the inverter. The output voltage of the inverter is controlled so
that it is in phase with the PCC voltage, and the magnitude of the inverter output voltage
is controlled so that the PCC voltage is regulated at a given level Vt*(t). The control
scheme can be specifically expressed as (21).

[

(

)

∫ ((

) )]

(21)

where KP2, KI2 are the gains of the PI controller.
The loop 3 is the outermost loop to control the active power output at the inverter side.
The basic control methodology is the same as previously described in section 3.2.
However, it comprises of two different control loops to control the active power at the
AC and DC sides, respectively. The control of the active power at the DC side is denoted
by (22). Here, the reference signal is obtained from the output power of the PhV array,
PPV multiplied by efficiency of the DC-DC booster which is taken here as 98% in order to
account for the losses in the converter circuit. This reference is, then, compared with the
measured DC power output of the booster, PDC shown in Figure 12 and the error is fed to
the PI controller, PI3. The output of this loop is a phase shift contribution

from the DC

side of the inverter. Similarly, another PI controller loop, PI4 is used to obtain the phase
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shift contribution,

required to control the active power at the output of the inverter to

be equal to 96% of the PPV. This value of efficiency is considered so as to account for the
combined losses of the DC-DC booster and inverter circuits. The equation for this control
loop is given by (23). The phase shift contributions from DC and AC sides,
then averaged as given by (24) to obtain the final phase shift,

and

are

of the voltage waveform

, vc1* which will then generate the voltage reference signal vc* for the inverter PWM.
∫

(22)

∫

(23)
(24)

Here, the reason behind considering phase shift contributions from both DC and AC side
active power is to control the DC side voltage to the desired value. By making

and

in a close range through the controller gains, it can be assured that the active power at the
DC and AC sides is balanced. This coupled with the voltage control loop assures that the
DC side voltage is maintained at the value desired by the AC side voltage. This is a very
unique characteristic of the proposed control algorithm in that the DC side voltage is
controlled indirectly through other control loops. A simple explanation follows next.
Since the inverter is considered to be 98% efficient, we have:
(25)
which means ,
(26)
Substituting the value of PAC ,
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(27)
That is,
(

)

(28)
From (27), PDC is also dependent on all the parameters at the AC side of the inverter.
Hence, it is clear that the DC side active power is also directly related to the phase shift
of the AC side voltage waveform for the given Vt (t) and Vc(t).

Since the voltage magnitude at the AC side, Vt (t) is being controlled, the active power
control loop at the AC side determines the current drawn from the DC side. Also, the
active power control loop at the DC side assures that the required amount of current, IDC
is being drawn from the PhV array. But, since the DC side voltage is dependent on all
other quantities being controlled as given by (28), VDC will be indirectly controlled to a
value required to maintain the voltage at the AC side at the referenced utility voltage
which will be verified from the results presented in the following section. Note, the
controller gain values for the DC active power control loop should follow the pattern of
the AC side active power loop so that the phase shifts,
averaged to obtain
3.4

and

can be reasonably

.

SYSTEM CONFIGURATION

The system diagram of the IEEE 13 bus distribution test system is shown in Figure 15. It
also shows the location of PhV generator considered in this chapter. It consists of a
substation, 13 buses or nodes, 11 lines, and 8 loads. The loads comprise of a combination
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of constant impedance, constant current and constant power (ZIP) loads as shown in the
figure. The substation is connected to the 115 kV transmission system and the voltage is
stepped down to 4.16 kV (RMS, line-to-line) by a distribution transformer (T1). There is
one more transformer (T2) which steps down 4.16 kV to 480V to supply a particular
load.
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Bus 650
LCZ
LCI
LCP
T

Constant Impedance loads
Constant Current loads
Constant Power loads
Transformer

Bus 646

L1CZ

Bus 611

Bus 645

T1
115 kV/ 4.16
kV
Bus 632
Bus 633

T2
L1CP
4.16 kV/480V

L2CP
Bus 684

Bus 634

Bus 671

Bus 692

Bus 675

L3CP

L4CP

L1CI

L2CI

Bus 680
Bus 652

Solar PV with inverter
and PQ control

L2CZ

Figure 15. Diagram of IEEE-13 bus distribution feeder.
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3.5

SIMULATION RESULTS AND DISCUSSIONS
Active and reactive power (P-Q) Control

In order to demonstrate the P-Q control algorithm in the IEEE 13-bus distribution feeder,
Bus 675 is chosen for study. The P and Q references of the inverter-based PhV generators
are taken from the active power load, Pload, and the reactive power load, Qload, of Bus
675. The base case load of Bus 675 is 29 kW and 25 kVar. Two cases are considered for
this study.
 Case1: Pload is increased to a peak value of 43.5 kW at t = 6 s and Qload is increased to
a peak value of 34.5 kVar at t = 9 s.
 Case 2: both Pload and Qload are increased to the above mentioned values at t = 6 s.

Figure 16 (a and b) shows the active and reactive power profiles of the PhV generator as
compared to the local load profile of Bus 675 for Case 1. As shown in the figures, both
active and reactive load profiles at both loading levels are closely tracked by the PhV
generators installed at that bus. The ripples seen in Figure 16 (a) at t = 9s is an effect of
reactive load change at that instant. Similarly, Figure 17 (a and b) shows similar profiles
with both loads increasing at the same time instant. It is observed that the active and
reactive power injection from inverter-based PhV systems closely tracked the load
profiles before and after the load increase. Thus, with the proper inverter control
proposed in section 3.2, the PhV systems can supply the local load through their dynamic
behavior.
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Figure 16. Case 1: Active power and reactive power at Bus 675.
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Figure 17. Case 2: Active power and reactive power at Bus 675.
The controller gain parameters chosen for P-Q control study are shown in Table 3.
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Table 3 Controller gain parameters for P-Q Control
Q Control
Loop
P Control
Loop

Kp1
Ki1
Kp2
Ki2

4.5×10-8
5×10-7
2.5×10-10
3×10-9

MPPT and Voltage (P-V) Control
The proposed MPPT and voltage (P-V) control is also tested for a PhV generator
connected to the same bus 675 of the IEEE 13-bus feeder. With the topology as shown in
Figure 9b, the PhV generator with the booster and inverter is connected to the system.
Since, the IEEE 13-bus distribution feeder at Bus 675 is at 4.16kV (RMS, line-to-line),
this voltage is stepped down to 480V (RMS, line-to-line) while connecting the PhV
array/converters assembly in order to avoid a large DC voltage requirement.

Two scenarios are considered for simulation to prove the effectiveness of the proposed
control method.
 Case 1: Change in solar irradiance level
 Case 2: Change in PhV cell temperature
Both of the above cases directly impact the power output of the PhV array and hence,
affect the MPP.
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The PhV array under study for the proposed PV control has 125 strings with each string
having 4 panels in series. The MPP for a single panel of KC200GT at 1000W/m2 and
25oC (STC) is 200 W. Hence, the MPP reference power for the entire array at STC is
125×4×200 = 100 kW. The value of MPP reference point for all the values of considered
irradiance are obtained from the lookup table approach as described in Section 3.3.

Figure 18 (a through e) shows the simulation results for the case when there is an increase
in solar irradiance from 800 W/m2 to 1000 W/m2 at time t = 15s. Figure 18a shows the
PhV array active power output. The MPP reference for the irradiance of 800 W/m 2 is
79.25 kW. With the controller loop 1 in Figure 12, the duty cycle,

for the operation of

DC-DC booster is obtained because of which the PhV array is capable of operating at the
referenced MPP point as evident from the plot. It is clear that the actual PhV array power
output follows the reference very closely. Figure 18b shows the inverter active power
output which clearly reveals the effectiveness of the active power control strategy in
tracking the referenced waveform which is about 96% of the output of the PhV array as
explained in Section 3.3. Hence, this value is around 4% less than the one shown in
Figure 18a.

From Figure 18c, it is clear that the AC side RMS voltage is maintained at 273V (0.98pu)
before and after the change in irradiance. Figure 18d shows the plot of DC side voltage or
inverter input voltage. It can be seen that it is stably maintained in the range of 700V to
800V before and after the irradiance level is increased. This is in the range of a value
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which is theoretically desired in order to achieve 480 VRMSLL at the AC side of the
inverter. From theory,

which would be:

in the present system. Hence, the indirect control of DC side voltage considering the
power balance between the AC and DC side of the inverter is clearly demonstrated in this
case. Figure 18e shows the average active power at the DC and AC sides of the inverter.
It can be seen that the active power is properly balanced while considering the inverter
losses. Hence, the DC side active power is slightly greater than the AC side power.
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Figure 18. MPPT and Voltage (P-V) control results with varying irradiance.
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Figure 19 (a through e) shows the results for Case 2 when the cell temperature of the PhV
array increases from 25oC to 75oC at time t = 13s at the irradiance level of 1000 W/m2.
There is an inverse relationship between the cell temperature and MPP. Hence, with the
temperature increase, the MPP reference decreases from 100 kW to 75.7 kW. Figure 19a
shows the plot of active power output of the PhV array. It is clearly visible that the
controls act effectively in tracking the referenced MPP very closely even for the decrease
in MPP as in this case. The inverter active power output also closely tracks the reference
which is 96% of the PhV power as shown in Figure 19b. It can be observed from Figure
19c that the AC side RMS voltage is maintained at 273 V (0.98 pu) throughout the
simulation period. Most importantly, Figure 19d shows the effectiveness of indirect DC
side voltage control with the proposed method in this scenario as well. The voltage is
maintained at around 700V which is a reasonable value according to the discussions in
Case 1 above. Figure 19e shows the active power at the DC and AC sides of the inverter.
It clearly proves the effectiveness of the proposed control strategy in maintaining the
power balance considering the inverter losses.
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69

The controller parameters chosen for P-V control is shown in Table 4.
Table 4 Controller gain parameters for P-V Control
MPPT Control Loop

Voltage Control Loop
PDC Control Loop
PAC Control Loop

3.6

Kp1

0.16×10-8

Ki1
Kp2
Ki2
Kp3
Ki3
Kp4
Ki4

0.16×10-5
0.001
0.02
1.5×10-9
1.5×10-8
1.5×10-9
1.5×10-8

CHAPTER CONCLUSION

In this Chapter, P-Q and P-V controls for solar arrays are discussed. The contribution
of this Chapter can be summarized as follows:
 The capability of active and reactive power control is investigated in IEEE 13-bus
distribution test feeder. The dynamic behavior of solar PhV generators following the
local load pattern is presented. It is effective in power flow control and in
maintaining the voltage stability in future power systems.
 Next, a unique algorithm for MPPT and voltage control for PhV generators is
proposed in a two stage configuration. The reference value of MPP is procured by
plotting series of PV curves for different irradiance levels and cell temperatures.
Then, feeding this data into a look up table to linearly approximate the value of
corresponding MPP with respect to the change of these parameters. The DC side
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voltage is controlled indirectly through the power balance of the DC and AC stages
which is a unique characteristic of the proposed method.
 These controls ensure that the demands are properly served and the voltages at the
AC and DC side are properly maintained at the desired values as required by the
utility. Moreover, the MPPT control ensures that the installed solar PhV generators
are optimally utilized for the given irradiance level. The simplicity of the proposed
control algorithms and popularity of PI controllers support a wide acceptance of the
control methods presented.

Note, the proposed control methods, which are based on instantaneous non-active power
theory, can be implemented in the grid integrated solar PhV generators for efficient P-Q
and P-V controls. The significance of both the proposed control methods is that these are
entirely developed in abc reference frame considering the measurement based approach.
Hence, it leads to a simple control approach that avoids the conversions between the
reference frames like from abc to dq0 and vice versa. Furthermore, the approach is not
sensitive to measurement noise as it is dependent on the measurements of the past cycles
rather than at a particular time instant.
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CHAPTER 4
COORDINATED V-F AND P-Q CONTROL OF PHV GENERATORS
WITH MPPT AND BATTERY STORAGE IN MICROGRIDS
The microgrid concept allows small distributed energy resources (DERs) to act in a
coordinated manner to provide the necessary amount of active power and ancillary
service when required. The greater incentive to the deployment of renewable energy
based DERs like solar Photovoltaic (PhV) generators in microgrid is due to
environmental concerns and fast depletion of fossil fuels. In this Chapter, an approach for
coordinated and integrated control of solar PhV generators is proposed with the
maximum power point tracking (MPPT) control and battery storage control such that
voltage and frequency (V-f) support is provided for an islanded microgrid. Also, active
and nonactive/reactive power (P-Q) control with solar PhV, MPPT and battery storage is
proposed. The control strategies show effective coordination between inverter V-f (or PQ) control, MPPT control, and energy storage charging and discharging control. The
simulation studies are carried out with the IEEE 13-bus feeder test system in grid
connected and islanded microgrid modes. The results clearly verify the effectiveness of
proposed control methods.
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4.1 SOLAR PHV MODELING AND PHV SYSTEM CONFIGURATION
The modeling and validation of solar PhV generators is the same as described in Section
3.1 of Chapter 3. Therefore, it will not be repeated here. PhV system configuration,
however, is entirely different and would be described here in detail.

Figure 20 shows the solar PhV system configuration for V-f and P-Q control with PhV
operating at MPPT including the battery storage backup. It is a two-stage configuration
where a DC-DC boost converter is used for MPPT control. The system also considers a
battery back-up in case of emergencies while maintaining the voltage and frequency of
the microgrid or while trying to supply the critical loads.

A battery is connected in parallel to the PhV generator to inject or absorb active power
through a bidirectional DC-DC converter which can act either as a boost or buck
converter with the help of controller signals provided to the converter switches. When the
battery is absorbing power, the converter acts as a buck converter and when battery is
injecting power to the grid, it acts as a boost converter.
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Figure 20. System configuration of V-f control with solar PhV generator operating at
MPPT with a battery storage system.

The PhV system is connected to the grid through a coupling inductor Lc. The coupling
inductor filters out the ripples in the PhV output current. The connection point is referred
to as the point of common coupling (PCC), and the PCC voltage is denoted as vt. The rest
of the system in Figure 20 denotes the IEEE 13-bus distribution feeder which is
simplified as a substation with the feeder equivalent impedance, R + jωLs. The detail of
the IEEE-13 bus system has been already described in Chapter 3. The PhV source is
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connected to the DC link of the inverter with a capacitor Cdc. The parameters considered
for bidirectional DC/DC converter is shown in Table 5. The parameters of DC/DC
booster remain the same as mentioned in Section 3.1 of Chapter 3.

Table 5 Parameters considered for bidirectional DC/DC converter
fs

20kHz

Lbb

0.9mH

Cbb

0.4982F

The control algorithms developed are based on the instantaneous non-active power theory
as described in Chapter 3 with the active and reactive/nonactive power given by (29) and
(30) as explained before.
(29)

(30)
where, α is the phase angle of vc(t) relative to the PCC voltage.

Battery Modeling and Sizing
In this work, the battery model is taken from the MATLAB SimPowerSystems library
with appropriate parameters which will be used for the proposed V-f and P-Q controls.
The detailed description about the battery model is given in [82]. Due to the intermittent
and uncertain nature of solar power output and also the highly fluctuating load demands,
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deep cycle lead acid batteries are the most common type of battery storage in microgrid
applications such that the maximum capacity of the battery can be utilized. Hence, in this
paper, a battery is modeled as a lead acid battery with appropriate choice of parameters
for deep cycle application. It is assumed that the lead acid battery can be discharged up to
SOC of 20% for both proposed control methods, and it is assumed that it is able to charge
up to SOC of 80%.

The battery model in [82] is an analytical model with two equations representing the
battery discharge and charge models. The battery discharge and charge model for a lead
acid battery is given by (31) and (32), respectively.
(31)
[

]

[

]

(32)

where Vbatt is the battery voltage(V), Vo is the battery constant voltage (V), K is
polarisation constant (V/Ah) or polarisation resistance (Ω), Q is the battery capacity (Ah),
it =∫

= actual battery charge (Ah), A is exponential zone amplitude (V), B is

exponential zone time constant inverse (Ah-1), R is the internal resistance(Ω), i is the
battery current (A), and i* is the filtered current(A).

In this model, the term for polarization voltage and polarization resistance is considered
to model the Open Circuit Voltage (OCV) of the battery more accurately. The term inside
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the first square bracket in Eq. (32) represents the polarization resistance and the second
square bracket represents the polarization voltage.

The size of the battery is selected to provide a maximum backup power to compensate for
the solar PhV generation in case of very little or no irradiance level. In the present case,
the MPP of PhV generator is 100 kW at STC. Hence, the battery is chosen to provide this
amount of power for maximum of 1 hour in the case of the critical case such as no
irradiance. Since, the battery backup considered in this work is for short timeframe
applications like frequency control and supplying power to critical loads in the event of
emergency situations, 1 hour of battery backup is considered to be enough for other
backup generators to take over the controls of providing frequency or active power
balance to the microgrid.

The battery chosen for this work is MK power battery, model no: ES20-12C. This
particular model of the battery is chosen based on the maximum discharge current
capability of 300A for 5secs and maximum charging current of 6A to provide backup
power for 1 hour in extreme condition of zero irradiance. The calculation of ES20-12C
model battery design for the purpose of V-f and P-Q control is as follows:
Maximum discharge current in 5 secs = 300 A
Total battery voltage considered = 500 V.
Voltage of individual battery pack = 12V
Total number of batteries in series = 500/12 = 41.6
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42.

Nominal capacity of a battery = 20 Ah = 20 A for 1 hour
Considering maximum discharge current of 300 A, total number of strings in parallel
= 300/20 = 15 strings in parallel
Hence, total maximum energy = 20 Ah

42

12V

15=151200Wh = 151.2kWh (for

1 hour)

Figure 21 show the discharge characteristics of the battery considered for study. Figure
21a shows a plot for the value of nominal current of 100 A which shows distinct nominal
and exponential zones of the curve. Figure 21b shows the discharge curves for different
values of discharge currents. It is clear that the discharge time drastically decreases with
the increase in discharge current. With the nominal current of 100A, the battery can
provide power for a little more than 3 hours. However, at the maximum current of 300 A,
it can provide power only for around an hour before it fully gets discharged.
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Figure 21. Battery discharge characteristics a) Nominal discharge current (100A); b)
Varying discharge currents.

IEEE 13 bus distribution test feeder
The IEEE-13 bus distribution feeder configuration is the same as described in Chapter 3.
The location of Solar PhV generator for V-f and P-Q control is as shown in Figure 22
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Figure 22. IEEE-13 bus distribution feeder showing solar PhV generator for V-f and P-Q
control.

In the grid connected mode, the substation at 115 kV is considered as a source; however
in an islanded microgrid case, the substation is replaced by a diesel generator producing a
fixed amount of active power as referenced by the central controller (CC) of the
microgrid.
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4.2 VOLTAGE AND FREQUENCY (V-f) CONTROL WITH MPPT AND
BATTERY
The MPPT and battery integrated V-f control diagrams are shown in Figure 23 and
Figure 24, respectively. The control comprises of one loop for MPPT control, two
different loops for V-f control at the inverter side, and another loop for battery power
management.
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Figure 23. Integrated Solar PhV MPPT and V-f control diagram.
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The loop 1 in Figure 23 is a MPPT control which is the same as described in Chapter 3.
The actual PhV power output, PPV is compared with the MPP reference, PMPPref from the
look up table of irradiance versus MPP and this error is fed to a PI controller, PI1 which
outputs the duty cycle δ*for the DC-DC booster so that the array always operates at the
referenced point by changing this duty cycle. The equation for this control loop is
revisited as given by (33). Here, Kp1and Ki1 are the controller proportional and integral
gains respectively for this control loop.
(

)

∫

(33)

For voltage control at the AC side, another feedback PI controller, PI2 is used. The
control logic is exactly the same as described in Section 3.3. The control scheme can be
specifically expressed as (34), which is exactly the same as (21). This equation is
revisited here for convenience.
[

(

)

∫ ((

) )]

(34)

where KP2, KI2 are the gain parameters of the PI controller 2.

The frequency control is carried out by controlling the active power output at the inverter
side as shown in the outermost loop 3. The referenced microgrid frequency of 60 Hz is
compared with the measured value, and this error is fed to the PI controller PI3 that
provides the phase shift contribution

so as to shift the voltage waveform in timescale.
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Thus, the active power injected will be enough to maintain the frequency at the nominal
value 60 Hz. The equation for this control is given by (35).
(

)

∫(

)

(35)

There is another controller PI4 used in the same loop 3. This controller maintains the
active power balance between the AC and DC side of the inverter. The reference signal
for PI4 is obtained from the dynamically changing active power injection from the
inverter at the AC side as determined by the output of PI3. Then, this measured AC side
active power, PACmeasured is multiplied by a factor of 1.02 considering the efficiency of
inverter as 98% such that the DC side active power is 102% of the AC side active power.
The DC side active power is compared with this value of AC side power and the error is
fed to PI4 to obtain the phase shift contribution from this loop as

. The equation for this

control is given by (36).
∫

(36)

The phase shift contributions from DC and AC sides,
given by (37) to obtain the final phase shift,

and

are then averaged as

of the voltage waveform , vc1* which will

then generate the voltage reference signal vc* for the inverter PWM.
(37)
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Here, the reason behind considering phase shift contributions from both DC and AC side
active power is to control the DC side voltage to achieve the desired value. By making
and

in a close range through the controller gains, it can be assured that the active

power at the DC and AC sides is balanced. This, coupled with the voltage control loop,
assures that the DC side voltage is maintained at the value desired by the AC side
voltage.

The controls shown in the diagram of Figure 23 and described above are also integrated
with the battery power control shown in the diagram in Figure 24. The battery is
incorporated into the PhV system configuration in order to supply or absorb active power
to support the frequency control objective with the PhV generator. If there is abundant
solar power and the active power required for frequency control is less than PhV MPP,
then the battery will be charged; otherwise, if there is not enough solar power available or
if the active power required for frequency control is more than maximum available power
from PhV, then the battery will supply the deficit power in order to follow the load and
maintain the microgrid frequency at 60 Hz. Hence, the control method for the battery
charge/discharge depending on this requirement is developed as shown in Figure 24.
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In Figure 24, the reference power to the battery, PBattref is generated dynamically by
subtracting the inverter active power injection, Pinverter from the power generated by PhV,
PPV. The controller comprises of a PI controller, PI5 which receives the error signal
obtained after subtracting the actual battery power, Pbatt from the battery reference, PBattref.
The signal obtained from PI5 is then compared with a triangular waveform of unity
magnitude to generate the signal, S*. This is similar to common Pulse Width Modulation
(PWM) in inverter controls. Kp5 and KI5 are the proportional and integral gains,
respectively. The equation for this control is given by (38).
(

)

∫(

)

85

(38)

One more step is considered to differentiate the charging and discharging mode of the
battery. This is undertaken by comparing PPV with Pinverter. If PPV >= Pinverter, the battery is
in charging mode, hence, the signal obtained from the PWM, S* and the result of this
comparison is passed through a logical AND to generate a switching signal to activate the
Buck mode of the DC-DC converter. If PPV >= Pinverter is false, (i.e., PPV < Pinverter), the
opposite of this signal and S* is passed through a logical AND to generate a switching
signal to activate the boost mode of the DC-DC converter. Hence, with this control logic,
the converter is capable of operating in both directions, therefore, effectively charging
and discharging the battery whenever required. This will be verified through the results
presented in Section 4.4 of this dissertation.
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Modification of V-f control to consider Battery State of Charge (SOC) constraint
When there is abundant solar irradiance available and the active power required for the
microgrid frequency control is less than active power produced by solar PhV generator at
MPP i.e. Pfcontrol < PPVMPP and at the same time the battery SOC is 80%, then, the battery
cannot be charged beyond this upper limit of SOC. In such case, decreasing the output
power of solar PhV generator would lead to underutilization of the solar resource. Hence,
a global control mechanism is required in a microgrid which can transition the PhV
control from frequency control mode to constant power mode with power to be generated
at PPVMPP. Meanwhile, there should be a mechanism to allow any other generator of the
microgrid to handle the frequency control problem. In the microgrid system under
consideration, there is a diesel generator which can decrease its generation in order to
match the PhV generation increase. Hence, the power balance of the system will be
maintained to eventually control the microgrid frequency.

Similarly, when the irradiance is low such that the maximum power from PhV generator
is not enough to maintain the microgrid frequency i.e. Pfcontrol > PPVMPP and at the same
time, the battery SOC is 20%, then the battery will not be able to back up the PhV
generator and hence, the frequency control function needs to be transferred to other
available generator if possible, in this case, a diesel generator. Again, a global control
mechanism becomes an absolute necessity to allow the transition of PhV generator
control from frequency control mode to constant MPP mode and the transition of diesel
generator control from constant active power mode to frequency control mode such that
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the frequency stability of the microgrid can be maintained. Figure 25(a through d) shows
the modifications of controls at different levels in the microgrid. Figure 25a shows the
transition of the diesel generator control from constant active power control to frequency
control. Instead of considering the error between the reference electrical power and the
measured electrical power to generate the mechanical power reference, the frequency
error is considered in the controls. Figure 25b shows the modification in V-f control loop
of the PhV inverter which includes the transition to another loop to take care of the
constant active power control at MPP. The transition timing can be obtained from a
separate module which compares active power generated from the PhV generator with
the inverter active power injection to maintain frequency and at the same time monitors
the SOC of the battery and comes up with a time at which the controls should transition
from one mode to the other. This logic, however, has not been implemented in the
simulation. During the simulation process, the transition timing is heuristically selected
as 8 seconds just to observe the smoothness and the effect of the transfer of controls.

The consideration of two different loops for the control transition as shown in Figure 25b
may lead to a large surge during the transition process, because of the action of integral
block which may sum up all the past errors and also due to the change in the scale of
inputs. This type of hard transition can be avoided through an approach as shown in
Figure 25c in which only the input gain parameters are changed during the simulation
process but considers a common integral block for both the cases. The smoothness in the
transition of controls can be observed later in the results presented.
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Similarly, Figure 25d shows a slight modification in the battery control in order to take
care of the battery SOC. When the SOC > 80% or SOC < 20%, then, both the charge and
discharge mode are given the value of 0 such that this when logically ANDed to the other
inputs as shown in the figure, the output is always zero for these two cases. The charge
mode would take a value of 1 and the discharge mode would take a value of 0, and vice
versa for discharge mode.

Through these slight modifications in the existing control structure, the IEEE 13-bus
system acting as a microgrid can handle the problem of under frequency and voltage
during islanding even without the battery acting as a buffer which can be observed from
the results presented later.
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Figure 25. Modifications in controls to consider Battery State of Charge (SOC)
constraint; a) Modification of diesel generator active power control; b) Modification of
PhV inverter V-f control; c) Consideration of smooth transition of controls;
d) Modification of battery bidirectional DC-DC converter control
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Discharge
mode

4.3 ACTIVE AND REACTIVE POWER (P-Q) CONTROL WITH MPPT AND
BATTERY

This section presents the proposed coordinated active and nonactive/reactive (P-Q) power
control with solar PhV integrated with PhV MPPT and battery controls. Either in grid
connected or islanded mode, the microresources in microgrid may be required to supply
the critical loads like hospitals, industries, etc. The proposed control strategy is applicable
particularly to such cases. The MPPT control part to generate the duty cycle for a proper
control of the DC-DC boost converter is the same as described in chapter 3 and section
4.2 above and hence, will not be repeated here. Figure 26 shows the P-Q control blocks
only, leaving behind the MPPT control block which is actually also present in the entire
integrated control system. The P-Q control initially proposed in [16] and implemented in
a larger system in [83] is converted to a more robust control with the integration of MPPT
control and battery storage control in the present work.
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Figure 26. Integrated Solar PhV MPPT and P-Q control diagram.

The inverter side P-Q control is modified from the inverter V-f control. It is entirely
based on the relationship of active and reactive power at PCC with inverter output phase
and voltage magnitude as given by the equations (29) and (30), respectively. In this case,
in loop 2 in Figure 26, the measured reactive power injection at PCC is compared with
the referenced reactive load and this error signal is passed to the PI controller, PI2. Then,
the term obtained is multiplied by the terminal voltage vt to obtain the reference voltage
vc1* which is in phase with vt. Loop 3 in Figure 26 handles active power control through
the controller, PI3 to generate the phase shift contribution
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and at the same time to

ensure the active power balance between AC and DC sides through the controller, PI4.
This is already explained in detail in the previous section of V-f control. Thus, the
equations for P-Q control are given by (39) through (42).
(

(
(

)
)

∫(

)

∫(

)
∫

)

(39)
(40)
(41)
(42)

Equation (39) represents the reactive power control loop, (40) represents the active power
control loop, and (41) ensures the active power balance between the DC and AC sides of
the inverter. Equation (42) averages the phase shift contribution obtained from the active
power control at the AC and DC side such that the active power control at the AC side
and the power balance objectives are taken into account.

The battery control integrated into the P-Q control is the same as the one described in the
Section 4.2 above.
4.4 SIMULATION RESULTS AND DISCUSSIONS
This section presents the simulation results obtained with the application of the proposed
control methods discussed in Section 4.2 and 4.3 to the IEEE 13-bus distribution feeder.
First, the results obtained from coordinated V-f control are presented which is followed
by the results from the coordinated P-Q control. In grid connected mode, the distribution
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feeder is considered to be supplied by a central generator with a substation at Bus 650
and a diesel generator at 115 kV voltage level and a PhV generator connected at Bus 632
through a 480V/4.16kV transformer. In an islanded case, the distribution feeder is
considered to be supplied by only by a diesel generator and a PhV connected at Buses
650 and 632, respectively.

Test of V-f control method
For the demonstration of the V-f control algorithm, two different irradiance cases are
considered: Case 1 with Irradiance = 1000W/m2 and Case 2 with Irradiance = 750W/m2.
While moving from the grid connected to microgrid mode, the diesel generator is
controlled to generate fixed amount of active power according to the command from the
central controller. The gain parameters of the controllers for V-f control with MPPT and
battery for Case 1 is shown in Table 6. Slight changes in gain parameters are required
when the irradiance changes to other values.
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Table 6 Controller gain parameters for V-f Control (Case 1) with MPPT and battery
MPPT Control Loop

Voltage Control Loop

Frequency Control Loop

PDC Control Loop

Battery Control Loop

Kp1

6×10-8

Ki1

6×10-6

Kp2

0.0004

Ki2

0.005

Kp3

9.9×10-4

Ki3

5×10-3

Kp4

0.8×10-9

Ki4

0.8×10-8

Kp5

1.5×10-8

Ki5

1.5×10-7

The diesel generator produces a fixed amount of 1.25 MW for both cases throughout the
simulation period as shown in Figure 27a. The same figure also shows the reactive power
generated from the diesel generator for both cases. However, the active power generated
by the diesel generator is not enough to fulfill the power demand of the microgrid.
Figure 27b shows the microgrid frequency which initially dips to 57.8 Hz due to the loadgeneration imbalance. The frequency control from the PhV generator starts at 2.2 sec
which quickly regulates the frequency back to 60 Hz in 2 sec. Figure 27c shows the plot
of the PCC voltage in p.u. It can be observed that the voltage is also quickly regulated at
1 p.u. after the control is started.
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Figure 27d shows the active and reactive power injection from the PhV inverter to
regulate the frequency and voltage of the microgrid. The active power injection from the
inverter, which is required to maintain the frequency at 60 Hz in both cases, is around 80
kW. However, there is a difference in the share of the PhV generator and the battery
energy storage while providing the required 80 kW to the microgrid. This is evident from
Figure 27e which shows the active power from the PhV, the battery, and the inverter,
respectively, for both cases. In Case 1, solar irradiance is abundant at 1000W/m2 and
hence, the PhV generates 100 kW which is more than required to maintain the microgrid
frequency. The surplus 20 kW goes to charge the battery. Note, the negative sign in
battery power means that it is a charging phase, i.e., the battery absorbs power. In Case 2,
PhV generates only around 75 kW at MPP due to decreased irradiance. This is not
sufficient to maintain the microgrid frequency at 60Hz. Hence, the deficit power around
5kW is supplied by the battery as shown by the green curve in Figure 27e. Here, the
positive sign of battery power means that it injects active power to the microgrid.

Figure 27f shows the state of charge (SOC) of the lead acid battery considered for this
study. The red curve representing the SOC for Case 1 shows that it gradually increases as
the excess power is fed to charge the battery. The decreasing green curve for Case 2 in
Figure 27f shows that the power is being extracted from the battery.
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Figure 27. Results of coordinated V-f control with solar PhV including MPPT control and
battery control; a) Diesel generator Active and reactive power; b) Microgrid frequency; c)
Voltage at PCC; d) Inverter Active and reactive power; e) PhV Active power; f) Battery
SOC; g) DC-DC booster output voltage; h) Active power at AC and DC sides

99

60.2
60.15

1200
PdieselCase1
PdieselCase2
QdieselCase1
QdieselCase2

1000
800

Frequency (Hz)

Active and reactive power (kW/kVAR)

1400

60.1
60.05
60
59.95

600

Frequency Case1
Frequency Case2

59.9
400

4

6

8

t(s) 10

4

6

b)

1.01

Voltage (pu)

1.005

1

0.995
VPCC Case1
VPCC Case2

0.99

4

6

8

t (s) 10

Active and reactive power (kW/kVAR)

a)
100
80

Pinverter Case1
Qinverter Case1
Qinverter Case2
Pinverter Case2

60
40
20
0

4

6

200
150
100
50
0
PPV Case1
PPV Case2
PBatt Case1
PBatt Case2
PInv Case1
PInv Case2

-100
-150
-200

4

5

6

7

t (s)

8

10

d)

Battery State of Charge (SOC) (%)

Active and Reactive power (kW/kVAR)

c)

-50

t(s) 10

8

8

49.84

49.8
49.78
49.76
49.74
49.72
49.7

9 t (s) 10

e)

BattSOC Case1
BattSOC Case2

49.82

4

6

8

f)

100

t (s) 10

900

95

800

90

Active Power (kW)

100

Voltage (V)

1000

700
600
500

80
75
PAC Case1
PDC Case1
PAC Case2
PDC Case2

70

400
VDC Case1
VDC Case2

300
200

85

4

6

8

t (s)

65
60

10

g)

4

5

6

7

h)

101

8

9 t (s) 10

Figure 27g shows the DC voltage for both cases. It can be seen that the voltages are
stably maintained at around 850 V and 600 V for two cases, respectively. Figure 27h
shows the active power at the DC and AC sides of the inverter for both cases. It is clearly
shown that the DC active power is slightly higher than the AC side three phase average
power in both cases. This accounts to some percentage (taken as 2% in the present work)
of power losses between the DC and AC sides but the overall active power is balanced
through controls. This power balance coupled with the AC side voltage control maintains
the DC side voltage to a stable value which is again the uniqueness of the proposed
coordinated MPPT and inverter control.

Detailed Test of V-f control with variable irradiance
In order to validate the model with changing values of irradiance, the control method is
also tested for different values of irradiance. The irradiance level considered for study are
1000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2and 200 W/m2 respectively. Figure 28 (a
through f) show the results obtained for coordinated V-f control with MPPT and battery
with varying level of irradiance as mentioned above. Figure 28 (a and b) show the plot of
microgrid frequency and per unit voltage at PCC for different values of irradiance. It is
clear that the microgrid frequency is maintained at 60 Hz and the PCC voltage is
maintained at around 1 p.u. for each of the cases. Figure 28c shows the active power
injection from the PhV inverter. It is maintained at around 80 kW as demanded by the
microgrid for frequency regulation irrespective of what PhV is generating. Figure 28d
show that PhV generator is operating at the MPP corresponding to the level of irradiance
for all the cases. It is clear from Figure 28e that battery storage is acting as a buffer in
102

providing less or more active power depending on the changes in irradiance or even
sometimes charging the battery in the case of abundant irradiance. Table 7 summarizes
these results showing the actual value of PhV generation, inverter injection and battery
active power injection or absorption. This table shows that the inverter active power
injection is almost equal to the addition of active power generated by PhV generator and
the injection/absorption from the battery. There is a minor mismatch in active power
balance which could be attributed to the losses in the circuit. Figure 28f shows the DC
side voltage at the output of the booster circuit. These are maintained at the stable values
required to maintain the voltage at AC side which ensures the power balance of the entire
stages as described in above sections.

It is found out that as compared to the P-V control method where no battery storage is
present in the system, in the case of V-f control with MPPT and battery, the DC side
voltage is very sensitive to a slight change in the controller gains of battery control loop,
PI5 in coordination with the gains of DC side active power control loop, PI4 and the
frequency control loop, PI3. Hence, the DC side voltage is seen to be varying in the range
of 600V-900V depending on the choice of controller parameters. This sensitivity
increases when the irradiance value is such that the PhV maximum power is almost
enough to support the microgrid frequency and only a little contribution is required from
the battery storage as in the situation when irradiance is 800 W/m2. This opens up a future
path of the current research in developing a smart adaptive PI controller gain tuning
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algorithm that considers the sensitivity of gain parameters to the control of system
variables.
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Figure 28. Results of V-f control with MPPT and battery considering variable irradiance
cases.
105

Irradiance

Table 7 Summary table of V-f control with variable irradiance
PPhVSS
PbattSS
PinvSS
VPCCSS

fSS

(W/m2)

(kW)

(kW)

(kW)

(p.u.)

(Hz)

200

18.60

64.24

80.88

1.006

60

400

38.19

44.56

80.84

1.006

60

600

58.60

26.63

81.17

1.006

60

800

79.60

2.80

80.15

1.005

60

1000

99.20

-16.45

81.60

1.006

60

Test of V-f control method considering battery state of charge (SOC) constraints
In the present work, state of charge (SOC) of the lead acid battery used in the microgrid
is considered in the range of 20%-80%. In the above discussions, the proposed V-f
control algorithm is verified considering the case in which there is enough room to charge
or discharge the battery in the microgrid. But, there could be a situation when the battery
SOC is at the verge of these upper and lower boundaries.

Figure 29 (a through f) show the results obtained from this transition of controls at the
PhV inverter and the diesel generator. Figure 29a and 29b show the active power from
the diesel generator and the PhV inverter. It can be observed that the PhV generator
performing frequency regulation of microgrid before t = 8 sec, quickly transitions to
generate at MPP with the irradiance input of 1000 W/m2, whereas the diesel generator
active power control which was otherwise maintaining the active power output at 1250
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kW, quickly transitions to frequency control mode. Hence, the diesel generator decreases
its active power output to around 1237kW to cope with the increase in generation by
solar PhV. Figure 29c and 29d show the microgrid frequency and voltage at PCC which
are maintained at 60 Hz and around 1 p.u., respectively, as a result of the proposed
controls. Figure 29e and 29f show the active power from the PhV generator and the
battery, respectively. The PhV is generating at the maximum power around 100 kW and
the battery power is almost zero showing that it is not absorbing any power, that is, it is
not being charged even though the PhV generation is higher than what is required for
frequency control as the SOC of the battery is at 80% for this case.
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Figure 29. Results of V-f control with MPPT and battery considering battery SOC upper
constraint (80% charged: Case 1).
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Similarly, an equally opposite scenario is possible. If the solar irradiance is low such that
the maximum power generated by PhV generator is not enough to provide the frequency
control, that is, Pfcontrol > PhVMPP and at the same time, the battery SOC is 20%, then the
battery cannot provide extra active power required for frequency control. Again, similar
situation as described for the above case will arise. Similar to the previous case, the PhV
generator control should transition from frequency control to constant active power at
MPP control, and the frequency control function should be taken over by the participating
diesel unit which is otherwise producing constant active power of 1250 kW. PPVMPP is
approximately 75kW which is less than 80kW required for frequency control in the
present case. The deficit active power should be provided by the diesel generator in order
to maintain the system frequency at 60 Hz. The diesel generator is, otherwise, generating
a constant active power of 1250 kW. Because of this transition of control from constant
active power to frequency control, the generation from diesel generator increases to 1255
kW, therefore, fulfilling the requirement for frequency control. The PhV generation, on
the other hand, is maintained at a constant power of around 72 kW equal to 0.96×PPVMPP.
The plots of active power generation from the diesel generator and the injection from the
PhV inverter are shown in Figure 30a and 30b, respectively.
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Figure 30. Results of V-f control with MPPT and battery considering battery SOC
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Figure 30c and 30d show the microgrid frequency and voltage at PCC, respectively. It is
clearly shown that the PhV generator was initially trying to control the frequency but
could reach only a value below 60 Hz due to low active power injection from the
inverter. However, as the frequency control transfers from the PhV generator to the diesel
generator at 8 sec, it quickly returns back to 60 Hz in around 2 sec. Similar nature of
result can be observed for the voltage at PCC which is stably maintained at 1.005 p.u.
after the transition of controls. Figure 30e and 30f show active power output of the PhV
generator and the battery. The PhV is generating MPP power of 75kW and the battery
power is close to zero showing that the battery is not able to inject any power in this case
as SOC is at its minimum limit.

Test of P-Q control method
Next, the results of P-Q control with integrated MPPT and battery control is presented in
Figure 31 (a through f). Like V-f control, two different cases, namely Case 3 and Case 4,
are considered for simulation validation of this control as well. Cases 3 and 4 are similar
to Cases 1 and 2 with slight differences as elaborated below.

Here, in Case 3, the critical active power load of a microgrid is less than the maximum
available PhV power (i.e., Pref < = PPV), and in Case 4, we have Pref > PPV. Hence, the
disturbance for this part is the load change which is very common in real operation.
Moreover, since coordinated P-Q control method is to be validated, the load change is the
most representative scenario to study the effectiveness of the proposed control. Hence,
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the solar irradiance is considered constant at 1000 W/m2 for both cases. The sample
controller gain parameters used for Case 3 of P-Q control method is shown in Table 8.
The gain parameters needed to be adjusted little bit for Case 4.

Table 8 Controller gain parameters for P-Q Control (Case 3) with MPPT and battery
MPPT Control Loop

Voltage Control Loop

PAC Control Loop

PDC Control Loop

Battery Control Loop

Kp1

6×10-8

Ki1

6×10-6

Kp2

5×10-8

Ki2

5×10-7

Kp3

2.5×10-9

Ki3

2.5×10-8

Kp4

2.5×10-9

Ki4

2.5×10-8

Kp5

0.02×10-8

Ki5

0.02×10-7

Figure 31a shows the active and reactive power from the diesel generator. The diesel
generator produces a constant active power of 1250 kW throughout the simulation period
for both cases with a slight change in reactive power between the two cases. Figure 31b
shows the reference and actual active and reactive power of the solar PhV inverter. The
reference values of active power represent the critical loads of the microgrid as
previously mentioned. The references of the active power for Cases 3 and 4 are 50 kW
and 120 kW, respectively. Similarly, the references of the reactive power for Cases 3 and
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4 are 20 kVAR and 70 kVAR, respectively. The references are chosen to demonstrate
both charging and discharging processes of the backup battery energy storage. It can be
observed from Figure 31b that the proposed coordinated controls are capable of serving
the critical loads in as less as 2 seconds.

Figure 31c shows the plot of active power from the PhV generator, the inverter injection,
and the active power to and from the battery. In both cases, the power from PhV is
maintained constant at the MPP power of 100 kW through MPPT controls as shown by
the overlapping blue and red curves. The active power injection from the inverter is
maintained at the reference values of 50 kW and 120 kW in Cases 3 and 4, respectively.
These reference values are demanded by the critical loads. The generation from PhV in
Case 3 is more than the critical load by 50 kW. Thus, this surplus power is sent to charge
the lead acid battery which is shown by a purple curve in Figure 31c.

Again, the negative sign of the battery power shows that it is being charged. For Case 4,
the critical load is greater than the PhV generation at MPP and the deficit power of 20
kW is supplied by the battery as shown by the orange curve in Figure 31c. Here, the
positive sign of battery power means that it is being discharged. Therefore, for Case 3,
the power injection from the inverter comes only from the solar PhV generator, however,
for Case 4, the injection comes from PhV and battery.
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Figure 31. Results of coordinated P-Q control with solar PhV including MPPT control
and battery control.
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Figure 31d shows the SOC of the battery. It is clear that the SOC increases in Case 3 and
decreases in Case 4 as expected because of the respective charging and discharging
scenarios. It validates the effectiveness of the battery control algorithm adopted in
controlling the bidirectional power flow to and from the battery.

Figure 31e shows the DC side voltage at the inverter input. It is stably maintained at
around 1012 V and 740 V for Cases 3 and 4, respectively. This also validates the indirect
control of the DC side voltage through the power balance between AC and DC sides of
the inverter. Similarly, Figure 31f shows the active power measured at the DC and AC
sides of the inverter. Clearly, the DC side active power is slightly greater than the AC
side power which means that the control algorithm also takes care of the efficiency of the
inverter in the model. The effectiveness of the proposed coordinated P-Q control
algorithm in microgrids is clearly demonstrated from the results presented.

4.5 CHAPTER CONCLUSION
The contributions of this chapter can be summarized as follows:
 The coordinated strategies of V-f control and P-Q control, respectively, for
microgrids with solar PHV generator and battery storage are proposed and presented.
 In the control strategies, the solar PhV generator is operated at MPP, and the battery
storage acts as a buffer in order to inject and absorb deficit or surplus power by using
the charge/discharge cycle of the battery. Thus, the control strategies demonstrate
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effective coordination between inverter V-f (or P-Q) control, MPPT control, and
energy storage control.
 The proposed control methods are entirely developed in the abc reference frame, so it
avoids the transformation to the dq0 reference frame and vice versa. Therefore, the
proposed control is not sensitive to measurement noise as it is dependent on the
measurements of the past cycle rather than at a particular time instant.
 The proposed V-f control method shows a very satisfactory performance in reviving
highly reduced voltage and frequency back to the nominal values in a matter of few
seconds only, which is much faster than conventional synchronous generator control.
Hence, it has a potential to be applied in restoring the microgrid frequency and the
voltage at PCC after disturbances.
 Similarly, the integrated and coordinated P-Q control algorithm can be effectively
used in supplying some critical loads of a microgrid with solar PhV and battery.
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CHAPTER 5
OVERALL CONCLUSIONS AND FUTURE WORK
5.1

CONCLUSIONS AND CONTRIBUTIONS

In this dissertation, first, the application of PhV-based DER systems for active and
nonactive power control is investigated with a simulation study of the IEEE 13 bus
distribution test system. The dynamic response of the PhV in following the local load
pattern is presented. The ability of the DERs to provide nonactive (reactive) power in
addition to active (real) power is very beneficial in maintaining the voltage stability and
power flow control in future power systems. A method of MPPT control and PCC
voltage control is developed. An indirect control of DC side voltage by maintaining the
balance in power transfer at every stage from PhV to inverter output is proposed and
investigated. Next, a voltage and frequency control algorithm for microgrid applications
using solar PhV operating at MPPT along with BESS is proposed. The capability of PhV
in controlling both voltage and frequency of microgrid can provide a greater incentive to
the increased penetration and deployment of sustainable PhV generation in future
microgrids. Again, the method of MPPT control and BESS control is also integrated with
the proposed P-Q control algorithm so as to supply the critical loads of the microgrids in
the event of emergency. The results presented clearly prove the effectiveness of this
control technique. The specific contributions of this dissertation can be summarized as
follows:


Several control methods of solar PhV generators in grid connected and islanded
microgrid scenarios are proposed, investigated and validated.
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The P-Q control algorithm without storage can be helpful in supplying the active
and reactive power loads in grid connected microgrid case. The response time of
the control is very short which means that the controls can quickly track the load
variation.



A new simplified, yet effective MPPT and voltage (P-V) control algorithm can be
implemented for the maximal utilization of the solar resource in providing the
total active power generation to the grid and at the same time providing local
voltage support. The unique feature of this control algorithm lies in controlling
the DC side voltage stably at the desired value without using the voltage and
current control loops as in traditional control algorithms. It, therefore, provides
greater insight of the controller parameters to be used in the system since the
parameters for both active power control loops at the AC and the DC sides are
close enough to be identified easily.



The proposed coordinated V-f control with MPPT and battery control algorithm
for microgrid takes only around 2 seconds to bring voltage and frequency back to
nominal value once the islanding occurs in a microgrid. Hence, the algorithm has
a great potential for V-f control in future microgrids.



Similarly, the proposed coordinated and integrated P-Q control algorithm with
MPPT and battery storage can be implemented in supplying the critical loads in
the future microgrids.



All the control methods developed are based on abc reference frame without
conversion to the dq0 reference frame. Hence, it leads to a simple control
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approach that avoids the conversions between the reference frames of abc and
dq0. Furthermore, the approaches are not sensitive to measurement noise as these
are dependent on the measurements of the past cycle rather than at a particular
time instant.
5.2

FUTURE WORKS

The future works of the dissertation could be performed in one of the following
directions:

Adaptive control for microgrid:
The controllers used for the V-f/P-Q control are the PI controller loops, for the voltage
/reactive power control, frequency/active power control and to maintain the power
balance between AC and DC sides. The tuning of each of the controller gains to obtain
the desired voltage and frequency response or active and reactive power is a big
challenge at present. Inappropriate choice of the controller settings may lead to under
achievement or over achievement of the referenced signals or even lead to instability.
Hence, the future direction of the current research could be to control these PI gains
adaptively based on the system conditions. A sensitivity approach of adaptive control
based on Taylor series expansion could be formulated and tested in the proposed
coordinated V-f / P-Q control scheme.
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Application of control algorithms to multiple PhV generators:
In the present work, the proposed control algorithms are applied to a case with a single
PhV generator to demonstrate the effectiveness of the proposed methods. With the
increasing penetration of Solar PhV generators in the future distribution systems, the
control problem could be more complex which should address the share of various PhV
generators to provide for example, voltage and frequency control. The proposed methods
can be extended with some other additions to handle multiple solar PhV generators.

Consideration of variability of irradiance into the control methods:
In the present work, the control methods are separately tested for various level of
irradiance, however, the dynamic variability of solar irradiance is not considered. In the
case of high-penetration solar PhV generators in a microgrid, the consideration of
stochastic nature of PhV generation could be essential. Hence, the future direction of this
work could be to consider the variability of irradiance and hence, the active power
outputs of the PhV generators and to observe the ability of the proposed control
algorithms to handle this situation.
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